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1.1. Theoretical Aspects 
 
 
1.1.1. Pollutants and organisms 
The term ecotoxicology was first coined by Truhaut in 1969 as “the branch of 
toxicology concerned with the study of toxic effects, caused by natural or synthetic pollutants, 
to the constituents of ecosystems, animal (including humans), vegetable and microbial, in an 
integrated context”. The major concerns of ecotoxicology are the interactions between living 
organisms and pollutants in the environment (Figure 1.1.1). 
 
Figure 1.1.1. Principal components and aims of Ecotoxicology. Figure reproduced from Wright & 
Welbourn (2002). 
 
Not all contaminants or their forms are biologically available, i.e. susceptible of being 
incorporated by living organisms, and some substances are bioaccumulated to a greater extent 
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than others. For instance, some pollutants attach strongly onto sediment particles and become 
effectively `unavailable` to living organisms. Others may be biologically available, but are 
rapidly transformed or broken down within living organisms. Still others may be transformed 
in the environment, either through abiotic degradation or by microorganisms. Some 
contaminants, once transformed, may become totally benign compounds through either partial 
or complete degradation; in other cases, compounds even more toxic than those that were 
originally released may be formed (Connell et al., 1999). 
Although the amounts of these contaminants in organisms can be measured through 
chemical techniques, this tells us little about the way in which the organism responds to the 
chemicals. This response is dependent upon the nature of the chemical and the actual dose 
received at the site of action by the organism. Many different techniques can be used for the 
measurement of the biological responses to environmental chemical exposure: measurements 
of changes in enzyme activity and changes in cell biochemistry and structure; changes in an 
individual´s reproductive capability; or measurement of the alterations of basic physiological 
activities such as respiration, feeding behaviour. (Bayne et al., 1988). 
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1.1.2. Bioaccumulation 
The bioavailability and spatial distribution of contaminants in the aquatic environment 
are determined by hydrodynamics, biogeochemical processes and environmental conditions 
(e.g., redox, pH, salinity and temperature) prevailing in the ecosystem (Dachs and Mejanelle, 
2010). Their toxicity depends on their physical and chemical characteristics, and the 
biological processes that transform them (Schwarzenbach et al., 2006). 
Aquatic organisms are exposed to chemical pollutants by two different pathways: 
dissolved pollutants can be taken up through the gills and body surface, while particulate 
pollutants can be ingested and assimilated in the digestive tract (Figure 1.1.2). For waterborne 
pollutants only the bioavailable fraction is taken up and distributed through the organism. 
Regarding ingested particles, only the assimilated fraction is absorbed in the gut and the rest 
is egested as faeces and thus innocuous for the organism. In both cases the substance must 
move across a biological membrane (see Figure 1.1.2 insert). Low molecular weight non-
polar molecules (M-C1 in the figure) can readily diffuse across the lipid bilayer, while 
charged molecules and ions (M+) can pass through transmembrane protein gateways with 
(active transport) or without (facilitated transport) energy expenditure (Simkiss and Taylor, 
1995). Therefore, the chemical speciation of a substance will greatly affect its degree of 
bioavailability. For example, copper bioavailability depends on the concentration of Cu2+ ions 
in solution and ligands such as humics substances decrease copper toxicity by forming 
copper-humic acids complexes (M-C100 in the figure) (Lorenzo et al., 2002). 
The relationship between the exposure concentration (normally the environmental 
concentration) and the internal concentration, is determined by the toxicokinetics processes; 
including uptake, distribution, and elimination. The balance between uptake and elimination, 
once a steady state is reached, will determine the accumulation of the substance in the 
organism (Wright and Welbourne, 2002). In this context, we can define the bioconcentration 
factor (BCF) as the ratio between the concentration of the pollutant inside the organism 
divided by the environmental concentration at steady state (Walker et al., 2012). Thus 
defined, the BCF is independent of the intake pathway, but some authors (e.g. Walker et al. 
2012) reserve the term BCF for waterborne toxicants and use bioaccumulation factor (BAF) 
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for pollutants taken up via food. In non-mechanistic, general purpose pollution monitoring 
studies both terms (BCF and BAF) may be used indistinctly. 
 
 
Figure 1.1.2. Pathways of exposure and fate of contaminants in an aquatic organism leading to their potential 
bioaccumulation. Insert: the bioavailability of a molecule (M) is greatly affected by its chemical speciation (see text). 
 
After absorption either through the gills or through the digestive tract the chemicals 
are diluted in the blood and distributed to the whole organism through the blood stream. The 
portal vein supplies blood into the liver, where most biotransformation processes take place 
(Franklin, 2015). The plasma concentration of the chemical is very important since it often 
relates directly to the concentration at the site of action and, according to the basic principles 
of toxicology, the biological effects of a chemical are directly related to its dose at the site of 
action (Ballantyne et al., 2009). Modelling bioaccumulation will thus be vital for predicting 
the environmental risk posed by a chemical in the environment. 
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1.1.3. Kinetic models of bioaccumulation. 
Most uptake and elimination processes follow first order kinetics, meaning that uptake 
(or elimination) rate is directly related to the concentration of the substance in a given biotic 
compartment: dC/dt = kC, where k is the uptake (or elimination) rate constant, with units t-1. 
First order kinetics is typical of passive diffusion or protein binding processes, for example. In 
contrast, enzymatic activities at saturated substrate concentrations or active transport at 
limiting energy cost are examples of zero order kinetics, where dC/dt = k, and uptake or 
elimination rates are independent of the concentration (Wright and Welbourn, 2002). 
 
 
Figure 1.1.3. State variables and fluxes for one-compartment (left) and two-compartment (right) models of bioaccumulation 
applied to marine organisms exposed to waterborne contaminants. 
 
Assuming first order kinetics and considering, for simplicity, the whole body as a 
single compartment (Figure 1.1.3 left), the bioaccumulation of a waterborne substance in an 
aquatic organism can be modeled according to the expression:  
dCt/dt=k1 Cw - k2 Ct        equation. 1.1.1 
where: Ct=tissular concentration, Cw= water concentration, k1=uptake rate constant, 
k2=excretion rate constant. Assuming Cw is constant, then we can integer equation 1.1.1 to:  
Ct =Cw k1/k2 (1-e-k2t)       equation. 1.1.2 
For a substance with an initial tissular concentration of zero, eq. 2 describes a quick 
and almost linear uptake that decelerates as Ct increases and reaches an equilibrium when k1 
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Cw = k2 Ct, i.e., when excretion rate equals uptake rate. The tissular concentration in the 
equilibrium (Ct*) will be a linear function of Cw. For t=∞, then equation 1.1.2 simplifies to:  
Ct* = Cw (k1/k2)        equation. 1.1.3 
The uptake and elimination rate constants are characteristic of each organism and 
chemical, and will depend on physical factors that control the ability of the chemical to get 
across biological membranes (lipid solubility, molecular size, degree of ionization) and 
biological factors related to the ability of that particular organism to distribute and eliminate 
that particular chemical (O’Flaherty, 1981), but in all cases the linear relation between Ct and 
Cw will hold.  
An interesting feature of the model described above is that it predicts a BCF 
independent of the concentration of the substance in the water. In effect, the BCF defined 
above as the ratio between the concentration of the pollutant inside the organism divided by 
the environmental concentration can be now expressed as BCF = Ct*/Cw, and substituting Ct* 
by its value from equation 1.3, BCF = k1/k2. The so-calculated kinetic BCF is a function of 
the first-order uptake and depuration rate constants only, i.e. in the equilibrium the tissular 
concentration of the pollutant under study is k1/k2 times higher that its concentration in the 
water, disregarding the level of pollution. This is the rationale supporting the use of mussels 
to monitor chemical water quality, and Cw can be estimated from the bioaccumulated 
concentration as Cw = Ct*/BCF. Since Ct* is orders of magnitude higher than Cw, and much 
more stable in time and space, it is easy to see the advantages of this approach for water 
pollution monitoring. However, the limitations derived from the assumptions made (constant 
water concentration, equilibrium between water and organism, first order kinetics) must be 
taken into account when interpreting monitoring data (Depledge and Rainbow, 1990; 
Landrum et al., 1992).  
Depuration experiments allow the calculation of another parameter of great interest in 
toxicology, the metabolic half-life, typical of each chemical. Given a certain concentration 
accumulated in an organism, the metabolic half-life is the time required for the concentration 
to decrease by 50% of the initial value (Newman, 2001).  
Assuming again first-order kinetics, in clean water Cw=0 and thus dCt/dt = -k2Ct.  
Ct = C0 e-k2 t ; ln Ct = lnC0 –k2t  
The time t = t1/2 when Ct = C0/2, then 
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Ln(C0/2) = ln C0 – ln2 = lnC0 –k2 t1/2 
t1/2 = ln2 / k2 = 0.693/k2 
As expected, the metabolic half life (in time units) is an inverse function of the 
excretion rate constant, and independent of Ct. 
For regulatory purposes, and within the context of a priori risk assessment studies, the 
BCF of a chemical can be experimentally determined under standardized laboratory 
conditions using model test species. For example, OCDE (1996) guidelines for the 
measurement of bioconcentration in fish, recommend flow-through exposure to 
concentrations below 1% of the chronic median lethal concentration (LC50) for 28 days, 
followed by depuration of 95% of the accumulated chemical. Table 1.1 shows fish BCF 
values compiled by the U.S. EPA (1986). Notice that BCF is a ratio of concentrations, and 
thus dimensionless, but for simplicity tissue concentrations are commonly expressed per mass 
while water concentrations are expressed on a per volume basis, originating BCF values 
expressed in (g Kg-1)/(g L-1), i.e. L Kg-1. It is also recommended to specify whether mass units 
are wet or dry weight. 
Table 1.1.1. Bioconcentration factors (BCF) in fish (EPA 1986). 
Chemical BCF (L kg-1) Kow 
Formaldehyde 0 0.00 
Vinyl chloride 1.17 1.17 
Chloroform 3.75 1.97 
Benzene 5,2 2.12 
Trichloroethylene 10.6 2.38 
Aldrin 28 5.30 
Nickel and compunds 47 - 
Cadmium and compunds 81 - 
Copper and compunds 200 - 
Fluorene 1300 4.20 
Trichlorobenzene 2,800 4.30 
Chlordane 14,000 3.32 
DDT 54,000 6.19 
PCBs 100,000 6.04 
 
These values are useful in a priori risk assessments, since they allow estimation of the 
pollutant concentrations reached in the organism or target organ under simulated exposure 
conditions. For these purposes, again, a linear relation between Ct* and Cw is assumed, and 
predicted tissular concentrations are obtained by multiplying the experimentally calculated 
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BCF values (Table 1.1.1) by the water concentrations predicted by environmental distribution 
models. 
 
1.1.4. Biotransformation 
Within the field of toxicology, biotransformation has been defined as the process 
whereby a substance is changed from one chemical to another (transformed) by a chemical 
reaction within the body (Timbrell, 2009). In the biotransformation of foreign compounds, the 
body attempts to convert lipophilic substances into more polar, and consequently more readily 
excreted, metabolites. The exposure of the body to the compound is hence reduced and 
potential toxicity decreased. The process of biotransformation is therefore a crucial aspect of 
the disposition of a toxic compound in vivo, and determines the toxic potential, distribution in 
the body, and eventual excretion of the metabolized substance. 
The primary results of biotransformation are as follows (Timbrell, 2009): 
1. The parent molecule is transformed into a more polar metabolite, often by the 
addition of ionizable groups. 
2. Molecular weight and size are often increased. 
3. The excretion of the compound from the body is facilitated. 
As a consequence, the biological half-life of the parent molecule is decreased, the 
duration of exposure is reduced, the accumulation of the compound in the body is avoided and 
the biological activity may be changed. 
Biotransformation often consists of two phases. Phase I is responsible for metabolizing 
organic compounds, both of endogenous (e.g. steroid hormone, vitamins) and exogenous 
nature (e.g. polycyclic aromatic hydrocarbons, pesticides or dioxins). Phase I or 
functionalization reactions (Table 1.1.2) introduces a reactive functional group, such as -OH, 
-NH2, -SH, -COOH, etc., into the xenobiotic molecule through oxidative, hydrolytic or 
reductive processes, and thus prepares it for subsequent conjugation to a variety of water-
soluble compounds during phase II metabolism (Livingstone, 1991).  
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Table 1.1.2. Phase I or functionalization reactions 
Reaction Enzyme Substrates 
A. Oxidation 
1. Cytochrome P-450 
monooxygenase or mixed 
function oxidase (MFO) 
system (CYP450) Most lipophilic xenobiotics of molecular weight <800  2. Microsomal flavin-
containing monooxygenase 
(MFOM) 
B. Reduction Reductases (P450 reductase, DT-diaphorase) 
Organonitro compounds, some 
organohalogen compounds. E.g., p,p´-DDT 
C. Hydrolysis 
Esterases 
(Carboxylesterases, 
amidases, phosphatases) 
Lipophilic carboxyl ester, organophosphate 
esters 
D. Hydration Epoxide hydratase None Known 
 
The majority of oxidation reactions are catalysed by monooxygenase enzymes, which 
are part of the mixed function oxidase (MFO) system. The cytochrome P-450 complex, the 
most important MFO, catalyses the monooxygenation of different organic substrates 
(generally represented in their reduced state as R-H), requiring NADPH and molecular 
oxygen (Reaction 1.1.1). The mechanism of action of cytochrome P-450 involves oxygen 
activation followed by abstraction of a hydrogen atom or an electron from the substrate and 
oxygen rebound (radical recombination). The overall result is therefore that a single atom of 
oxygen is inserted into the xenobiotic molecule. 
R-H + O2 + NADPH + H+                    R-OH + H2O + NADP+  Reaction 1.1.1 
Activity of the biotransformation enzyme BPH can be used indirectly to measure 
CYP450 1A activity, which is involved in the biotransformation of xenobiotics (Snyder, 
2000). 
Phase II reactions aim at linking metabolites produced during phase I to various water-
soluble endogenous compounds naturally present in the cell at high concentrations 
(Livingstone, 1985). Linkage (conjugation) of metabolites to sugar derivatives, amino acids, 
glutathione, or sulphate, produces metabolites with reduced toxicity and greatly increased 
water solubility that allows elimination by the excretory system. Since phase II reactions are 
biosynthetic, energy is required to drive them. Most of the phase II reactions have the 
common requirement for an energy-rich or “activated” intermediate in the form of the 
activated cofactor (UDP-glucuronic acid, UDP-glucose, acetyl-CoA). In some cases, non-
enzymatic conjugation can occur (e.g. glutathione conjugates) (Livingstone, 1991). For polar 
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xenobiotics, if a suitable functional group is present, biotransformation can proceed directly 
through conjugation with the parent compound, without prior phase I metabolism.  
The most widely studied and most important phase II enzymes are glutathione S-
transferases (GSTs), which comprises a complex and widespread enzyme superfamily that has 
been subdivided further into an ever-increasing number of classes based on a variety of 
criteria, including amino acid/nucleotide sequence, and immunological, kinetic and 
tertiary/quaternary structural properties (alpha, kappa, mu, pi, sigma, omega, theta and zeta) 
(reviewed by Sheehan et al., 2001). The enzyme exists as hetero- or homodimers of subunits 
arranged to give rise to various isoforms with particular preferred substrates. Although a wide 
variety of substrates may be accepted, there is absolute specificity for glutathione. GSTs are 
cytosolic enzymes, although some distinct isoforms are detectable in the endoplasmic 
reticulum, and they are found in many tissues, especially the liver and the gills in the case of 
mussels. Apart from Phase II biotransformation, GSTs carry out a wide range of functions in 
cells, such as the removal of reactive oxygen species and regeneration of S-thiolated proteins 
(both of which are consequences of oxidative stress), and the catalysis of reactions in 
metabolic pathways not associated with detoxiﬁcation (Sheehan et al., 2001; Listowsky et al., 
1988). 
 
1.1.5. Oxidative stress metabolism 
1.1.5.1. Reactive oxygen species (ros) 
Although we usually think of oxygen as the essential element for life, the release of 
uncoupled high-energy electrons from its molecule may also cause serious injury to cells and 
tissues, through the formation of reactive oxygen species (ROS). This term includes not only 
the oxygen radicals, as the superoxide anion O2- and the hydroxyl radical OH-, but also some 
nonradical derivatives of O2, as the singlet oxygen O21Δg and the hydrogen peroxide H2O2 
(Di Gulio et al., 1989). ROS are naturally produced during several cellular pathways of 
aerobic metabolism including oxidative phosphorylation, electron transport chains in 
mitochondria and microsomes, the activity of oxido-reductase enzymes producing ROS as 
intermediates or final products, or even immunological reactions such as active phagocytosis 
(Halliwell and Gutteridge, 2007). 
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Under basal conditions, the adverse effects of oxyradicals are prevented by the 
antioxidant system, consisting of a wide array of low molecular weight scavengers and 
antioxidant enzymes which interact in a sophisticated network with both direct and indirect 
effects (Regoli and Giuliani, 2014). Many chemical compounds can affect the cellular balance 
between prooxidant challenge and antioxidant defenses, with two different effects: depressing 
the antioxidants capacity to remove oxyradicals and/or enhancing the intracellular formation 
of ROS. Trace metals and organic xenobiotics are typical classes of environmental pollutants 
with prooxidant effects. The most important mechanisms for ROS generation by trace metals 
depend on their ability to lose electrons and catalyse Haber-Weiss and Fenton reactions 
(Reaction 1.1.3) (Halliwell and Gutteridge, 2007): 
Metaln+1 + O2.- → Metaln+ + O2      Reaction 1.1.2 
Metaln+ + H2O2 → Metaln+1 + OH. + OH-     Reaction 1.1.3 
O2.- + H2O2 → O2 + OH. + OH-      Reaction 1.1.4 
Several elements can catalyse Fenton-like reactions with different efficiency, depending 
on redox potential: more active catalysts are Fe(II), Cu(I), Cr(III), (IV), (V), (VI), and V(V) 
(Inoue and Kawanishi, 1989). However, the capability of trace metals to decrease levels or 
efficiency of antioxidant defences represent an additional mechanism conferring prooxidant 
properties even to those elements with one oxidation state. As a typical example, the elevated 
affinity of Cd for –SH groups lowers the antioxidant scavenging potential of GSH, resulting 
in either the formation of mixed disulfides or its oxidation to GSSG (Meister, 1989). 
Other classes of typically prooxidant chemicals include aromatic xenobiotics, like 
polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), halogenated 
hydrocarbons, dioxin (TCDD) and dioxin-like chemicals, which increase the intracellular 
generation of ROS through the induction of the cytochrome P450 pathway (Stegeman and 
Lech, 1991). 
Antioxidant enzymes such as peroxidases and catalases protect cells against the 
deleterious effects of oxyradical generation by maintaining endogenous reactive oxygen 
species at relatively low levels and attenuating the damages related to their high reactivity 
(Livingstone et al., 1990). 
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1.1.5.2. Glutathione peroxidase 
Peroxidases (POXs) are enzymes that reduce a variety of peroxides to their 
corresponding alcohols. One of the principal peroxidase is a selenium-dependent tetrameric 
cytosolic enzyme that employs glutathione (GSH) as a cofactor, the glutathione peroxidase 
(GPx) (Günzler and Flohé, 1985). GPx catalyses the metabolism of H2O2 to water, involving 
a concomitant oxidation of reduced GSH to its oxidized form (GSSG), and also the reduction 
of lipid hydroperoxides (ROOH) to the corresponding alcohol, using NADPH as an electron 
donor. 
H2O2 + 2GSH → GSSG + 2H2O      Reaction 1.1.5 
ROOH + 2GSH → ROH + GSSG + H2O     Reaction 1.1.6 
GSSG + NADPH + H+ → 2GSH + NADP+    Reaction 1.1.7 
GPx is considered to play an especially important role in protecting membranes from 
damage due to lipid peroxidation (Winston and Di Giulio, 1991). 
Other type of peroxidases are selenium-independent enzymes that are mainly found on 
the microsomes and catalyse only the reduction of organic peroxides, the GSTs enzymes with 
peroxidase activity (Lawrence et al., 1978). 
1.1.5.3. Catalase 
Catalases (CAT) are hematin-containing enzymes mostly present in the peroxisomes 
that facilitate the removal of hydrogen peroxide (H2O2), which is metabolized to molecular 
oxygen (O2) and water (Halliwell and Gutteridge, 2007). Hydrogen peroxide may be 
produced during basal aerobic metabolism or after a pollution-enhanced oxyradical generation 
(Winston et al., 1990). At high levels of H2O2, the reaction involves two H2O2 molecules 
leading to the production of H2O and O2 (Reaction 1.1.8). At low H2O2 concentrations, CAT 
modulates the detoxification of other substrates, as phenols and alcohols, through reactions 
coupled to H2O2 reduction (Reactions 1.1.9 and 1.1.10) (Stegeman et al., 1992). 
2H2O2 → 2H2O + O2        Reaction 1.1.9 
ROOH + AH2 → H2O + ROH + A      Reaction 1.1.10 
O2.- + H2O2 → O2 + OH- + OH.       Reaction 1.1.11 
In the presence of reduced iron (Fe2+), the Fenton reaction efficiently converts H2O2 to 
hydroxyl radicals, highly reactive initiators of membrane lipid peroxidation which are poorly 
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neutralized by cellular antioxidants; in this respect, the antioxidant role of CAT is essential in 
preventing formation of these ROS, and removal of the main precursor is thus considered the 
key antioxidant strategy adopted in marine organisms against OH. (Regoli and Giuliani, 
2014). 
Unlike some peroxidases that can reduce various lipid peroxides as well as H2O2, CAT 
can only reduce H2O2 (Van der Oost et al., 2003). Since CAT is localized in the peroxisomes 
of most cells and are involved in fatty acid metabolism, changes in activities may often be 
difficult to interpret (Stegeman et al., 1992). 
 
1.1.6. Acetylcholinesterase 
Signals propagate along the nervous fibres by means of an electrical mechanism: a 
depolarization of the neuronal membrane. However neurons are not in physical contact; a gap, 
the synapsis, separates the axon of the presynaptic neurone from the dendrites of the 
postsynaptic neuron and prevents the transmission of this electrical signal (Bocquené and 
Galgani, 1998). Thus, the nerve impulse travels across the synapses thanks to the secretion, by 
the presynaptic neurone, of an endogenous chemical called neurotransmitter that specifically 
interacts with receptors in the postsynaptic neurone, and initiates the electrical sign in the later 
(see Figure 1.1.4). The most common and ubiquitous neurotransmitter is acetylcholine, 
present in the central and parasympatic nervous system, and in the neuromuscular junctions, 
and the synapses that use this neurotransmitter are called cholinergic (Bocquené and Galgani, 
1998). Acetylcholinesterase (AChE) is an enzyme involved in the correct transmission of the 
nervous signal across cholinergic synapses. Once the depolarization is triggered in the 
postsynaptic neurone, the AChE hydrolyses the acetate group of the neurotransmitter to 
produce the inactive choline, interrupting the nervous signal. Synthetic chemicals such as 
organophosphate and carbamate insecticides selectively bind to AChE and inactivate the 
enzyme (Magni al., 2006). As a result, the nervous signal is not correctly interrupted, causing, 
in poisoned individuals, sustained muscle contraction, paralysis and occasionally death. 
Unlike organophosphates, the binding of carbamates with AChE is reversible and a quick 
reactivation of AChE after overexposure takes place, rendering carbamate poisoning less 
severe (Britt, 2015). 
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AChE activity is unselectively inhibited by many other types of pollutants, such as 
metals, surfactants and PAHs. Thus, the inhibition of AChE activity in molluscs, crustaceans 
or fish has been advocated as a biomarker of chemical pollution (e.g. Bocquene and Galgani, 
1990), and standard methods were developed (Bocquene and Galgani, 1998). AChE activity 
has been demonstrated in a variety of tissues of marine organisms including fish muscle and 
brain, adductor muscle and gills of shellfish, and abdominal muscle of crustaceans; the 
highest activities being found in the brain and muscle of fish and in the muscle of prawn 
(Frasco et al., 2010). Background AChE activities are relatively independent of sex, age and 
reproductive stage (Galgani et al. 1992) but temperature is an interfering factor (Hogan 1970, 
quoted by Bocquené et al.,1993). Assessment criteria for Atlantic and Mediterranean mussels 
and some benthic fish species are available (OSPAR, 2013). 
 
Figure 1.1.4. Mechanism of AChE activity. 
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1.2 Applied aspects 
 
 
1.2.1. Monitoring environmental quality 
In the context of environmental pollution, the term monitoring can be defined as the 
direct measurement of a pollutant or the indirect measurement of its effects with the aim of 
evaluating its levels and controlling its impact on the man or on the environment (Chapman, 
1996). Analysis of specific pollutants is frequently integrated in monitoring programs 
undertaken by national or international agencies with political competencies for 
environmental management. Open-sea monitoring programs are normally undertaken by 
international institutions, whilst coastal monitoring programs are normally executed by 
national agencies (Crathorne et al., 1996). As discussed below, direct analysis of 
environmental samples to determine levels of pollutants is nowadays combined with 
measurements of biological effects at several levels of organization, from molecular to 
community (OSPAR, 2004). This can imply costly sampling and sophisticated laboratory 
procedures. The scaling of the sampling intensity, its geographical extension and the number 
of techniques involved, is vital to achieve a compromise between the goals of the monitoring 
program and its practical feasibility. 
According to its aims, a coastal monitoring program can be classified as: 
Surveillance monitoring: aims at providing a complete assessment of the coastal 
environmental health. It is geographically scaled to cover the full extension of the coastline 
under surveillance. The sampling sites must be sufficiently numerous and representative to 
identify hot spots or particular areas especially affected by certain pollutants, and at least part 
of the sites must be sampled with sufficient frequency to elucidate long-term temporal trends. 
Therefore, surveillance monitoring has two aims: identification of geographical patterns of 
pollution, and determination of the temporal trends for those pollutants (OSPAR, 2012). This 
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information is vital for the environmental managers to prompt specific remediation actions 
and examine the efficacy of the actions already taken. 
Investigative monitoring: is specifically designed to identify the source, distribution and 
effects of certain pollutants in a previously identified hot spot. Thus the intensity of sampling 
and the number and complexity of techniques applied is much higher, but the geographical 
range is much more limited (European Union, 2000). 
Most pollutants are found in seawater in very small quantities so that their analytical 
quantification is complex and expensive. Furthermore, concentrations in water, especially in 
coastal areas, are variable over time and dependent on the tides, currents, winds or 
intermittent discharges. Moreover, the information provided by water chemical analysis 
reflects only the pollution levels at the time of sample collection, which may change after a 
few hours or a few days. Therefore, this is not the matrix generally recommended in 
surveillance programs of marine pollution. Sediments are preferable to water samples as a 
matrix for monitoring environmental quality, because the concentrations of pollutants in 
sediments are much larger and less variable in time and space, reflecting in an integrated 
manner the state of pollution in a certain area. Most anthropogenic chemicals that are 
introduced into the marine environment are accumulated in the sediment matrix. But 
sediments do not only act as a reservoir for pollutants, they also serve as a source of toxicants 
to marine organisms. For these reasons, this matrix is used in marine pollution surveillance 
and control programmes (US EPA, 2001; Förstner and Salomons, 1991). 
When a substance cannot be metabolized or is slowly metabolized, tends to accumulate 
in the tissues of living organisms reaching higher concentrations to those found in the 
environment. Many marine organisms accumulate contaminants in their tissues at much 
higher levels than those present in the surrounding water, with no apparent toxic effects. This 
feature offers evident advantages for the development of marine pollution monitoring 
programmes: tissue concentrations are above the detection limits of the analytical chemistry 
techniques (it is desirable that the tissue levels are 2 or 3 orders of magnitude higher than 
those in water), are more stable over time (may indicate past events pollution), and reflect 
only the fraction of a compound present in the environment that may be incorporated by the 
organism, i.e. the bioavailable fraction. (Wright and Welbourn, 2002). 
Therefore, the advantages of biota over inert matrices are the time-integration and 
identification of the bioavailable fraction of the chemicals. Organisms that are used as 
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bioaccumulators and thus provide a biotic matrix for chemical analysis of pollutants are 
termed biomonitors (e.g. Wright and Welbourn, 2002). 
According to the origin of the organisms used for the measurement of the chemical 
substances or the biological effects, we can distinguish between passive monitoring, when 
native organisms are used, and active monitoring, when organisms from a common origin and 
with certain common characteristics (e.g. size, age or reproductive state) are transplanted into 
different monitoring sites using cages or other devices in order to work with homogeneous 
biological material and to control the exposure time (De Kock and Kramer, 1994). 
Surveillance monitoring is always passive, and organisms used are always non-commercial 
individuals intended to be representative of broad areas, avoiding direct contact with 
effluents. For some investigative purposes, in contrast, active monitoring, though more costly, 
may be more useful. The transplantation locations may be designed to study the effect of 
distance from a point-source emission or to adapt to any other environmental gradients. 
 
1.2.2. Biological monitoring 
Traditional assessment of environmental pollution consisted of analysing in 
environmental samples (normally inert matrices such as water, sediment or soil), long lists of 
so called priority pollutants. This approach was limited by the need to associate chemical 
concentrations of pollutants with ecologically meaningful assessment criteria, in order to 
understand and be able to predict their environmental risk (OSPAR Commission, 2008/2009). 
Currently, institutions in charge of environmental management advocate an integrative 
approach that combines chemical measurements with biological tools that provide 
complementary information regarding the presence of harmful effects on the organisms 
(OSPAR Commission, 2013). Chemical and biological data are complementary, since the 
later inform whether organisms are or may be affected by pollutants and the former points at 
potential causal agents of those harmful effects. In addition biological tools may also integrate 
and summarize information that would be very costly to obtain from analytical chemistry 
only. For the reasons above exposed, biological tools currently constitute an essential part of 
environmental pollution monitoring programs.  
The use of biological tools in environmental pollution studies ideally involves a suite of 
responses at different levels of biological organization that can provide evidence to 
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statistically test hypotheses about the linkage between exposure to toxic chemicals and 
ecologically relevant effects. The rationale for this approach is indicated in Figure 1.2.1, 
which illustrates the relationship between responses of different levels of biological 
organization and the relevance and time scales of the responses (McCarthy and Shugart, 
1990). Responses at each level of biological organization provide information that helps us to 
understand and interpret the relationship between exposure and adverse effects. Responses 
measured at lower levels of biological organization, such as enzyme activities, have been 
often reported to provide sensitive and specific responses to particular toxicants (Lam, 2009). 
In this way, descending to biochemical pathways allows firstly to unmask cause-effect 
relationships between pollutants and biological responses, and secondly to increase sensitivity 
to pollution, and thus providing an “early-warning” value. While the disappearance of a 
species from a community takes place only after ecologically harmful levels of pollutants 
have been reached, the more subtle biochemical effects may hopefully identify incipient 
pollution and prompt remediation measures (Thain et al., 2008). 
Among the biological techniques available, biomarkers are particularly useful since they 
present several advantages: 
a) To identify which interactions have taken place between contaminants and the 
organism, whereas chemical analysis can measure only a fraction of the 
contaminants but reveals nothing about the adverse effects. 
b) To detect the presence of both known and unknown contaminants, as well as 
mixtures of contaminants in the environment. 
c) To provide a temporally and spatially integrated measure of bioavailable 
pollutants. 
d) To attribute exposure and risks to environmental pollutants. 
e) To be applicable to both laboratory and field studies. 
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Figure 1.2.1. Conceptual relationships between ecological relevance and time-scale of responses to pollutants (Adams et 
al., 1989) 
 
1.2.3. Biomarkers 
An indicator can be defined as a parameter/value/measure that gives information and, 
etymologically, points at certain conclusion. A biological indicator, or bioindicator, is thus 
the most general term encompassing any observation conducted at any level of biological 
organization (from biomolecules to communities) that provides useful information regarding 
the pollution status of the study area (Walker et al., 2012). Biological indicators using 
molecular, cellular and physiological responses are usually termed biomarkers. Biomarkers, 
may be defined as quantitative measurements of changes occurring at cellular, biochemical, 
molecular, or physiological levels, that can be measured in cells, body fluids, tissues or organs 
within an organism and that may be indicative of xenobiotic exposure and/or effect (e.g. 
McCarthy and Shugart, 1990; Allen and Moore, 2004; Lam and Gray, 2003). 
Biomarkers have been classified into biomarkers of exposure, defined as those which 
detect the interaction between a pollutant and the target organism, and biomarkers of effect, 
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which identify cellular, biochemical, tissular, or physiological alterations associated with 
damage in the organism health. Biomarkers of exposure are often used to verify exposure to a 
substance or group of substances, whereas biomarkers of effect should be useful to identify 
alterations or adverse effects relevant for the biological fitness of the individual due to 
exposure and adsorption of these substances. 
Among the biological responses mentioned above, those that take place at cellular 
and/or molecular levels, usually occur at low exposure concentrations, and therefore have 
been proposed as early-warning signals of pollution (Kramer and Botterweg, 1991), as 
mentioned in section 1.2.2. In fact, changes at low levels of biological complexity (molecule, 
cell, tissue) can anticipate changes at more complex levels such as population, community or 
ecosystem, as long as they meet the following requirements (Van der Oost et al., 2005): 
- The biomarker response should be sensitive to exposure of low levels of pollutants. 
- Background levels of the biomarker should be well defined in order to distinguish 
between natural variability (noise) and contaminant-induced effects (signal). 
- The underlying mechanism of the relationships between biomarker response and 
pollutant exposure (dosage and time) should be established. 
- The assay to quantify the biomarker should be reliable (with quality assurance) and 
cost-effective. 
Among the most frequently used enzymatic biomarkers are the enzymes glutathione S-
transferase (GST), catalase (CAT), glutathione peroxidase (GPx), acetylcholinesterase 
(AChE) and benzo[a]pyrene hydroxylase (BPH) (e.g. Regoli and Principato, 1995; Manduzio 
et al., 2004; Borkovic et al., 2005; Galgani and Bocquene, 2000). GST activity, measured 
traditionally using reduced glutathione (GSH) and chlorodinitrobenzene (CDNB) as co-
substrates (Habig et al., 1974), has been widely used as a biomarker of exposure to PAHs, 
PCBs and trace metals both in fish and invertebrates (Lee et al., 1988; Fitzpatrick et al., 1997; 
Funes et al., 2006). Both GPx and CAT activities have been used as indicators of oxidative 
stress in aquatic organisms, including bivalves, caused by environmental exposure to organic 
and inorganic chemical pollutants (Regoli, 1998; Vlahogianni et al., 2007; Fernández et al., 
2010). Many studies have shown positive correlations between levels of antioxidant defences 
and the presence of xenobiotics (Orbea et al., 2002).  
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AChE activity is inhibited by several toxicants such as organophosphate and carbamate 
pesticides, leading to severe physiological impairment in marine organisms (e.g. Ozmen et al., 
1999; McHenery et al., 1997; Rickwood and Galloway, 2004; Tsangaris et al., 2010). Thus, 
the inhibition of AChE activity in mussels has been frequently used as a biomarker of 
chemical pollution by metals and pesticides (e.g. Bocquené and Galgani, 1990). In addition, 
AChE has been identified as a suitable biomarker for incorporation into the OSPAR 
Coordinated Environmental Monitoring Programme (CEMP) (ICES, 2011). 
In field studies, strong correlations have been demonstrated between BPH activity in 
mussels and both PAH and PCB concentration in the sediment, allowing site discrimination in 
accordance to pollution level (Michel et al., 1998). Solé et al. (1998) also reported elevated 
BPH activities in mussels in organic contaminated sites from the North Sea. 
However, one of the major problems limiting the application of biomarkers in the 
evaluation of marine pollution is related to their natural variability, since changes in these 
biological responses are not only related to chemical pollutants, but also to environmental 
factors (e.g. temperature, salinity, food availability or dissolved oxygen levels), as well as to 
intrinsic biological cycles (e.g. reproductive cycle) (Widdows, 1978). It is therefore 
recognized that, before biomarkers are implemented successfully within a legislative context, 
this variability needs to be understood (Hagger et al., 2010), in order to discern whether the 
alteration of the biological responses is due to the presence of pollutants or to the natural 
variations of those factors in the marine environment. As these changes may influence normal 
metabolic activities, including ROS generation and antioxidant responses (Sheehan and 
Power, 1999), the effects of abiotic and biotic factors on the mentioned responses should be 
determined and understood to validate the use of those biomarkers in field studies (Fernández 
et al., 2010). In fact, the seasonal variation of such biomarkers in bivalves resulting from this 
variability frequently complicates the interpretation of biomonitoring studies. For instance, 
contradictory results have been obtained regarding seasonal variation in GST activity. 
Sheehan and Power (1999) found no seasonal variations in Mytilus edulis, whereas Leiniö and 
Lehtonen (2005) observed changes in the Mytilus edulis GST activity in correlation with the 
seasonal pattern in food availability. Regarding antioxidant enzymes such as CAT and GPx, 
seasonal variations have been commonly reported (Lesses and Kruse, 2004, Sheehan and 
Power, 1999). Seasonal variation of biomarkers in ectotherm marine organisms has been 
partially explained as a result of temperature oscillation during the year, and the activities of 
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several biomarkers have been reported to be affected by pronounced temperature variations. 
For example, it has been found that AChE in the gills of mussels increase in summer and 
decrease in winter (Pfeifer et al., 2005). 
In addition, the levels of pollutants in tissues may fluctuate during the year due to 
environmental factors such as food availability, reproductive status, temperature, sex or age. 
As a result, changes in biomarker levels may be simply related to the natural physiological 
cycle of the species and thus quite unrelated to changes in exposure to chemical pollution 
(Sheehan and Power, 1999). Therefore, prior to the correct use of biomarkers it is essential to 
know the ranges of natural variability in their levels in the species populations inhabiting a 
geographic area under study. 
A relevant issue, but often disregarded, is the estimation of the precision and 
reproducibility of the biomarker assay, including the inter-individual variability in healthy 
organisms. Also, the selection of the target organ is a crucial step to take into account, since it 
must be assured that the magnitude of the biomarker response is high enough to be quantified. 
 
1.2.4. Mussels as universal biomonitors 
Mussels are employed worldwide as biomonitors to identify geographic patterns and 
temporal trends in coastal pollution. Mussels were first proposed as indicator organisms to 
assess the spatial and temporal trends of chemical contamination in the “Mussel Watch” 
monitoring programme in estuarine and coastal areas of North America (Goldberg, 1975). 
The advantages of using mussels for environmental pollution monitoring programmes 
are: 
1. They are and dominant members of coastal estuarine communities and have a 
wide geographical distribution. 
2. They are sedentary and are therefore more suitable than mobile species as 
integrators of chemical pollution in a given area. 
3. They are suspension-feeders that pump large volumes of water (several litres 
per hour), they resist hypoxic conditions, environmental stress and pollution, and they 
apparently lack a good system of mono-oxygenase. These characteristics confer them 
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the ability to concentrate many chemicals in their tissues at higher concentrations than 
those in the surrounding seawater. 
4. The measurement of chemicals in mussel tissues provides an assessment of 
biological availability which is not apparent from measurement of contaminants in 
abiotic environmental compartments (water, suspended particulates and sediment). 
5. Mussels have a relatively long life-cycle and their populations are relatively 
stable thus providing data on short- and long-term temporal changes in contaminant 
levels. 
6. They can be readily transplanted to sites of interest and maintained in cages. 
7. Mussels, such as the genus Mytilus in Europe, have been exploited for food 
since prehistoric times, and have been cultivated since the 13th century (His et al., 
2000), presenting a great economic and social importance. 
The marine mussel Mytilus galloprovincialis is a bivalve belonging to the Mytilidae 
family, with a distribution in Europe in the Mediterranean Sea and the Black Sea, and on the 
Atlantic coasts, in Portugal, north to France and the British Isles. It is usually found in the 
temperate intertidal rocky shores, establishing dense populations (Hockey and van Erkom 
Schurink, 1992, Branch and Steffani, 2004). M. galloprovincialis is a filter-feeding organism 
with a complex life-cycle including a planktonic larval phase and a sessile or sedentary adult. 
M. galloprovincialis is a gonochoric species, releasing millions of gametes for external 
fertilization at each reproductive event (Cáceres-Martinez and Figueras, 1998). Although this 
species is capable of reproducing all year long, they usually show two major peaks in spring 
and autumn, depending on environmental conditions (Ferrán et al., 1990, Ferrán, 1991; 
Villalba, 1995). 
 
1.2.5. National and international marine monitoring programmes using mussels 
Since the sea has no borders, the most important initiatives to control marine pollution 
stem from international conventions, and open sea monitoring programs are normally 
prompted by international institutions. However, due to political competencies and lack of 
resources of those international institutions, in practice those programs are executed by 
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national agencies. This is particularly evident for coastal monitoring programs, which are 
always carried out by national authorities. 
The first comprehensive effort to establish a monitoring program to assess the status of 
the coast was undertaken in the US by means of the “Mussel Watch” Program, initiated by the 
USEPA in the period 1976-78, and continued by the NOAA from 1986 to date (Kimbrough et 
al., 2008). The programme is based on yearly collection of oysters (Crassostrea virginica) 
and mussels (Mytilus spp. and Dreissena spp.) in 300 sites from the Atlantic, Pacific and 
Great Lakes coasts, and measures more than 140 chemical contaminants, including metals and 
metalloids, polychlorinated biphenyls (PCB), polyaromatic hydrocarbons (PAH), 1,1,1-
trichloro-2,2-bis(p-chlorophenyl)ethane (DDT), butyltins and organochlorinated pesticides. 
Sampling and analytical protocols were standardised and submitted to a quality assurance 
(QA) scheme that includes interlaboratory exercises. This is essential since the geographical 
scale of the Program requires the involvement of different laboratories. The “Mussel Watch” 
Program identifies “areas of national concern”, and determines the temporal trend for each 
pollutant at each site. For example, the commercial, military and recreational boating activity 
made the San Diego Bay an area with elevated butyltin contamination, but several of the 
sampling sites in this are showed a decreasing trend in 2008, following the universal ban of 
tributyltin (TBT) at the beginning of the century. In contrast, the elevated levels of cadmium 
found in the Chesapeake Bay, associated to industrial wastewater discharge and urban storm 
water runoff, are not decreasing despite years of restoration efforts (Kimbrough et al. 2008). 
In Europe, France has been one of the countries that pioneered the routine monitoring of 
the health status of its coasts, including analysis of pollutants in biota. The national 
observation network (RNO) run from 1979 to 2006 in over 40 sites along the French coast, 
and included annual sampling of wild C. gigas oysters in the South Atlantic coast and M. 
galloprovincialis mussels in the North Atlantic and Mediterranean coasts. From 1992, QA 
issues are warranted through an international program that includes interlaboratory exercises 
for all analytical methods. From 2006 up to date a new monitoring scheme adapted to the 
Water Framework Directive (WFD) was imposed, and the chemical surveillance was 
redesigned and renamed as ROCCH. Up to 60 different chemicals are being measured, 
including metals, PCB, organochlorinated pesticides and PAH. This allows the geographical 
identification of hot-spots for certain pollutants (see Figures 1.2.2 and 1.2.3), and to elucidate 
long-term temporal trends for those pollutants. Thus, in contrast with the improvement 
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observed for organochlorines, PAH and most metals, a significant increasing trend in copper 
(Cu) pollution was detected in the southwest coast of France (RNO 2000), perhaps as a result 
of the use of Cu formulations in substitution of TBT-based antifouling paints. The increasing 
pattern of Cu pollution at national level, though, is previous to the TBT ban. 
 
 
Fig 1.2.2. Five-year median levels of Cd and Cu in native mussels and oysters from the French coats. The 
monitoring reveals a decreasing pattern for Cd but an increasing pattern for Cu. Note that mussels regulate 
their Cu levels and they are not used to monitor this metal. (From IFREMER 2013) 
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Fig 1.2.3. Median levels of two 
chemical contaminants, 
cadmium (left) and DDT (right) 
in native mussels and oysters 
along the French coasts. 
Sampling sites are ordered from 
the North-Atlantic (top) to the 
East-Mediterranean (bottom). 
Note the different geographical 
distribution of cadmium, with a 
hot spot around the La Gironde 
estuary due to upstream mining 
activities, compared to the 
DDT, with maximum 
concentrations in the west-
Mediterranean, a catchment 
area for intensive agriculture, 
and a second lower peak at the 
Seine river mouth. (From RNO 
2006). 
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In the North Atlantic region, the Joint Assessment and Monitoring Programme (JAMP) 
by the OSPAR Commission, establishes that the following hazardous substances: metals (Hg, 
Cd, Pb), polycyclic aromatic hydrocarbons (PAHs), polybrominated diphenyl ethers 
(PBDEs), polychlorinated biphenyls (PCBs) and organochlorinated pesticides: 
dichlorodiphenyl trichloroethane (DDT) and its metabolites, α- and γ-hexachlorocyclohexane 
(α- and γ-HCH), should be measured as mandatory determinants in national marine pollution 
surveillance programs (OSPAR Commission, 2010). 
In Spain, temporal trend studies of pollutants accumulated in mussel tissues are being 
carried out in 20 sampling sites from this area on a yearly basis since 1990 (Spanish Marine 
Pollution monitoring program, SMP). The study of biomarkers was introduced in 2007 survey 
(Albentosa et al., 2012). In addition, quinquennial spatial distribution studies are being carried 
out in 40 sampling sites, with the added objective of incorporating new (biochemical) 
biomarkers. The sampling area, located within OSPAR Region IV (OSPAR Commission, 
2010), includes two different oceanographic regions, the Iberian Atlantic coast and the 
Cantabrian coast, in the Bay of Biscay. 
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1.3. Hypothesis and objectives 
 
 
1.3.1. Hypothesis 
The general hypothesis to be tested within this doctoral thesis is the following: 
Molecular biomarkers provide a sensitive response to coastal pollution that may serve 
as an “early-warning” signal to adverse effects, manifested at higher biological organization 
levels, when pollutant concentrations increase or when low levels of pollution are maintained 
over long periods of time. 
 
1.3.2. Objectives  
From the hypothesis mentioned above, the main objective of the present study was to 
further study the applicability of molecular biomarkers in mussels (Mytilus galloprovincialis) 
for the assessment of marine pollution. 
This general objective may be described with more detail as the following specific 
objectives: 
1. To set up practical procedures for a battery of enzymatic biomarkers using the M. 
galloprovincialis in order to achieve a more feasible application of those biological responses 
for monitoring of coastal areas. This objective is addressed in Chapter 2. 
2. To study the response of selected enzymatic biomarkers in M. galloprovincialis to 
environmentally relevant pollutants, in order to quantify the sensitivity of the studied 
biomarkers in controlled laboratory conditions. This objective is addressed in Chapter 3. 
3. To validate the potential use of enzymatic biomarkers in combination with chemical 
analysis in M. galloprovincialis, in the active and passive integrative pollution monitoring of 
marine coastal ecosystems. This objective is addressed in Chapter 4. 
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Chapter 2. Selection of biomarkers and standardisation of the 
methodology. 
 
 
Summary 
Aquatic organisms, especially marine bivalves, exhibit a variety of changes in the 
activity of enzymes related to antioxidant defences, biotransformation and other 
physiological processes affected by chemicals that can be used as biomarkers of 
exposure and effects of contaminants. However, the use of these biomarkers in routine 
monitoring of pollution demands the previous knowledge of the natural variability of 
those biological responses, and the optimal design of sampling and methodology in 
order to obtain reliable information useful for environmental management. The 
enzymatic biomarkers considered for this work, selected among the most widely used in 
monitoring programmes, were the antioxidant enzymes catalase (CAT) and glutathione 
peroxidase (GPx), the Phase II detoxification enzyme: glutathione S-transferase (GST), 
and the neurotransmitter catabolism enzyme acetylcholinesterase (AChE). In addition, 
the potential use of Phase I enzymes BaPH and EROD in M. galloprovincialis was also 
explored. 
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Hypothesis 
The selected biomarkers, GPx, CAT, GST and AChE, are useful for the 
monitoring of chemical pollution with the mussel Mytilus galloprovincialis, since their 
activities are significantly different –either inhibited, for AChE, or induced, for the 
remaining enzymes- in native mussels from polluted compared to clean sites, 
disregarding non-anthropogenic environmental and/or intrinsic sources of variability. 
Objectives 
1. To identify wild mussel populations representative from polluted and clean reference 
sites in the Galician Rias. 
2. To measure the background enzymatic activities for the selected biomarkers and the 
effect of season, temperature and intertidal position. 
3. To calculate the minimum sample size required to estimate the mean enzymatic 
activity of each population with a fixed error margin at a given confidence level. 
4. To choose the mussel organ, either gills or digestive gland, showing the highest and 
least variable activity for each biomarker. 
5. To classify the sampled sites into categories of environmental quality according to 
both the chemical analyses and the biomarkers data using multivariate analysis. 
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2.1. Practical procedures for selected biomarkers in mussels, Mytilus 
galloprovincialis - Implications for marine pollution monitoring. 
 
 
2.1.1. Introduction 
The production of reactive oxygen species (ROS) occurs naturally during cellular 
respiration processes, due to a partial reduction of oxygen to water (Livingstone, 1990), 
but can also be produced with exposure to pollution by several mechanisms. These 
include the uptake of redox cycling metals and organic xenobiotics, the metabolism of 
xenobiotics to redox cycling derivates such as quinones and the induction of oxyradical 
generating enzymes (Livingstone et al., 1989). Therefore, pollutants can produce an 
imbalance between the production of ROS and the oxidant defense system, a condition 
of oxidative stress where radicals can react with biological molecules and induce lipid, 
protein and DNA oxidation leading to adverse health effects (Berglund et al., 2007). 
Some of these oxidative damages have been used to indicate the presence of harmful 
substances in the marine environment (Thain et al., 2008). 
Aquatic organisms, especially marine bivalves, exhibit a variety of changes in 
enzymatic antioxidant defences after the exposure to pollutants with oxidative potential 
that can be used as biomarkers of oxidative damage. Prominent among them are the 
glutathione peroxidase (GPx), catalase (CAT) and glutathione S-transferase 
(Vlahogianni et al., 2007). 
Biomarkers, may be defined as quantitative measurements of changes occurring at 
cellular, biochemical, molecular, or physiological levels, that can be measured in cells, 
body fluids, tissues or organs within an organism and that may be indicative of 
xenobiotic exposure and/or effect (e.g. McCarthy and Shugart, 1990; Allen and Moore, 
2004; Lam and Gray, 2003). Mussels are widely distributed sessile filter-feeding 
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organisms, which may be exposed to large amounts of chemical pollutants, and are 
capable of accumulating and tolerating high concentrations of many organic and 
inorganic pollutants in their tissues (Livingstone, 1991). Several mussel biomarkers 
have been proposed during the last years as sensitive “early warning” tools to assess the 
biological effects of pollutants on marine organisms (Cajaraville et al., 2000; Sarkar 
2006), and some of them have been incorporated by different international pollution 
monitoring programs (OSPAR, 2007; ICES, 2011). 
GPx (present in the cytosol and mitochondria) and CAT (present in the 
peroxisomes) enzyme systems can break down hydrogen peroxide in different tissues. 
Both GPx and CAT activities have been used as biomarkers of oxidative stress in 
marine mussels (Regoli, 1998, Vidal-Liñán et al., 2010). GST are Phase II 
detoxification enzymes involved in the conjugation and detoxification of organic 
compounds, which also play a protective role against oxidative stress by catalysing a 
selenium-independent glutathione peroxidase activity (Prohaska, 1980; reviewed by 
Sheehan et al., 2001). GST activity has been widely used as a biomarker of exposure to 
PAHs, PCBs and trace metals both in fish and invertebrates (Lee et al., 1988; 
Fitzpatrick et al., 1997; Funes et al., 2006), and has been recently identified as a suitable 
biomarker for monitoring chemical pollution in highly productive marine coastal 
ecosystems (Vidal-Liñán et al., 2010). Acetylcholinesterase (AChE) is an essential 
enzyme in the transmission of the nerve impulse that degrades acetylcholine to choline 
and acetic acid in the synaptic gap of cholinergic synapses and neuromuscular junctions. 
AChE activity is inhibited by several toxicants such as organophosphate and carbamate 
pesticides, leading to severe physiological impairment in marine organisms (e.g. Ozmen 
et al., 1999; McHenery et al., 1997; Rickwood and Galloway, 2004; Tsangaris et al., 
2010). Thus, the inhibition of AChE activity in mussels has been frequently used as a 
biomarker of chemical pollution by metals and pesticides (e.g. Bocquene and Galgani, 
1990). 
One of the major problems limiting the application of biomarkers in the 
evaluation of marine pollution is related to their natural variability, since changes in 
these biological responses are not only related to chemical pollutants, but also to 
environmental factors (e.g. temperature, salinity, food availability or dissolved oxygen 
levels), as well as to intrinsic biological cycles (e.g. reproductive cycle) (Widdows, 
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1978). It is therefore recognized that, before biomarkers are implemented successfully 
within a legislative context, this variability needs to be understood (Hagger et al., 2010), 
in order to discern whether the alteration of the biological responses is due to the 
presence of pollutants or to the natural variations of those factors in the marine 
environment. As these changes may influence normal metabolic activities, including 
ROS generation and antioxidant responses (Sheehan and Power, 1999), the effects of 
abiotic and biotic factors on the mentioned responses should be determined to validate 
the use of those biomarkers in field studies (Fernández et al., 2010). A relevant issue, 
but often disregarded, is the estimation of the precision and reproducibility of the 
biomarker assay, including the interindividual variability in healthy organisms. Also, 
the selection of the target organ is a crucial step to take into account, since it must be 
assured that the magnitude of the biomarker response is high enough to be quantified. 
The main objective of the present study was to set up practical procedures for a 
battery of biomarkers using wild populations of Mytilus galloprovincialis, in order to 
achieve a more feasible application of those biological responses in marine pollution 
monitoring programs. In particular, this study is intended to: (a) calculate the minimum 
sample size required to estimate the population mean with a fixed error margin at a 
given confidence level;(b) select the specific organ or tissue where the enzymatic 
activity is higher and shows less variability for each biomarker;(c) determine the 
influence of the tidal height on the basal enzymatic activity; and (d) study the effect of 
different conditioning temperatures on each enzymatic activity in the mussel. A suite of 
biomarkers, among the most widely used, including antioxidant enzymes: catalase 
(CAT) and glutathione peroxidase (GPx); a Phase II detoxification enzyme: glutathione 
S-transferase (GST), and the neurotransmitter catabolism enzyme acetylcholinesterase 
(AChE), were considered for this work. 
 
2.1.2. Materials and methods 
2.1.2.1. Sampling 
Mussels, M. galloprovincialis, from 4.5 to 5.5 cm long were collected during low 
tide from the intertidal zone and transported in an ice-box to the laboratory. For 
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experiments described in sections 2.2 to 2.5, mussels were collected in September 2009, 
from a reference site (G0) located in the outer part of Ría de Vigo(Figure 2.1.1). Low 
levels of pollutants (Cu, Zn, Pb, Cd, PAHs and PCBs) have been measured in mussels 
collected from this site in recent years (Vidal-Liñán et al., 2010). Daily tidal ranges 
during sampling varied between 0.78 and 1.82 m (spring tide) and the ambient water 
temperature was 15±0.5 ºC. For the field validation described in section 2.6, mussels 
were collected in November 2011 with tidal levels from 0.34 to 1.17 m and surface 
temperatures ranging between 14º-16ºC.  
Gills and digestive glands were dissected, frozen in liquid nitrogen and stored at -
80ºC until analysis. GST, GPx, CAT (except in experiment 2.6) and AChE enzymatic 
activities were measured. 
Figure 2.1.1. Map of the NW coast of Spain, showing the location of the 
five sampling sites: G0, G1, G2, G3 and G4. 
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2.1.2.2. Calculation of the minimum sample size 
An experimental design for the use of biological responses in ecotoxicology 
should include the minimum level of replication needed to estimate the mean value in a 
population with a desired precision and a certain confidence level (commonly 95%). 
Assuming that the values of the enzymatic activities follow a normal distribution, the 
minimum sample size (n) required to estimate the population mean with a 95% 
confidence was calculated according to Zar (1984): 
( ) ( ) ( ) ( )
2
,1,11,2
22
d
FtS
n n
n nβα −−=
 
In this equation, S2 is the population variance, estimated with a sample of n=30 
individuals, ν is the degrees of freedom for S2, d is the half-width of the desired 
confidence interval, α is the confidence level for the confidence interval, 1-β is the 
assurance that the confidence interval will be no larger than specified. t is the critical  
value from a two-tailed t table with n-1 degrees of freedom, and F is the critical value 
from a one-tailed F table. The procedure is iterative and involves a process of trial and 
error that begins with an initial guess of n for the calculation of t and F, and 
progressively more accurate approximations according to the result of the formula. 
2.1.2.3. Selection of the specific organ 
GST, GPx, CAT and AChE activities were investigated in gills and digestive 
gland of n=12 individuals per treatment, in order to select the organ showing the greater 
enzymatic activity and therefore providing a greater power to discriminate between 
polluted and unpolluted sites. In the subsequent experiments, each biomarker was 
measured in the organ showing the highest activity. 
2.1.2.4. Influence of inter-tidal height 
In order to study the influence of the tidal conditions on the variability of basal 
GST, GPx, CAT and AChE enzymatic activities, mussels (n=12 individuals per 
treatment) were collected from three tidemark level zones. The sampling levels were 
chosen according to the amount of time they are exposed to air (emersion). Mussels 
from the high inter-tidal level (HI) (2.32 m, respect to 0 m sea level) experience air 
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exposure of 3-6 h twice-daily, whereas mussels from the medium inter-tidal level (MI) 
(1.82 m, respect to 0 m sea level) experience two periods of 2-3 h of air exposure daily, 
and mussels from the low inter-tidal level (LI) (0.82 m, respect to 0 m sea level) 
experience two periods of <2 h of air exposure. Mussels from high, medium and low 
inter-tidal levels were collected after 3 h, 1 h and 30 minutes air exposure, respectively. 
2.1.2.5. Effect of temperature 
Specimens collected at the low intertidal level were transferred into eight test 
vessels that consisted of 50 L tanks with a continuous flow of 20 µm-filtered seawater 
(2.4 L min-1) at the following temperatures: 13.5 ± 0.5ºC, 18.5 ± 0.5ºC, and 23.5 ± 
0.5ºC. This represents the natural range of water temperature for intertidal mussels in 
this area throughout the year. A treatment corresponding to water ambient temperature 
during the sampling period was also included (16.5 ± 0.5 ºC). Two tanks were used for 
each experimental temperature and forty specimens were placed in each tank. A 
photoperiod of 12 h light: 12 h dark was provided and the salinity of the seawater was 
kept at 36 ± 1‰. Animals were fed on an algae mixture (Tetraselmis suecica, Isochrysis 
galbana and Chaetoceros gracilis) supplied daily at a doses of 2% of dry weight body 
mass. After a 7 days acclimation period, twelve mussels were harvested from each tank 
for enzymatic assays. 
2.1.2.6. Field validation 
In order to validate the procedures and recommendations proposed here, a field 
survey was undertaken to collect mussels from four sampling sites along the Galician 
coast (NW Iberian Peninsula) (G1, G2, G3 and G4, Figure 2.1.1.), which were selected 
on the basis of increasing chemical pollution assessed from mussel bioaccumulation 
data (Bellas et al., 2011; Besada et al., 2011a,b; Soriano et al., 2006). G1 and G2 are 
located far from urban or industrial pollution sources, G3 is close to a small village, and 
G4 is in the vicinity of a large harbour. GST, GPx and AChE activities were measured 
in gills of mussels (n=12 individuals per site) collected from those sites.  
2.1.2.7. Biochemical analyses 
For the analysis of GST, GPx and CAT activities, the gills and digestive glands 
were weighed and homogenized withan Ultra-Turrax, at a 1:4 and 1:2 w/v ratio, 
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respectively, in 50 mM K-phosphate buffer containing 2 mM EDTA (pH 7.5). Samples 
were then centrifuged at 15000 × g for 15 minutes at 4-7ºC. 
GST activities were evaluated, according to Habig et al. (1974), using 1-chloro-
2,4-dinitrobenzene (CDNB) as substrate. The assay was carried out at 340 nm 
(extinction coefficient, ε= 9.6 mM-1cm-1) in 100 mM K-phosphate buffer pH 6.5, 60 
mM CDNB and 10 mM GSH. GST enzymatic activity is expressed as nmoles min-1mg-1 
of protein. 
GPx activity was assayed in a coupled enzyme system where NADPH is consumed by 
glutathione reductase to convert the formed oxidized glutathione form (GSSG) to its 
reduced form (GSH) according to Halliwell and Gutteridge (1999). The decrease of 
absorbance was monitored at 340 nm for 2 min (ε= 5.598 mM־1cm־1 P) in 0.1 M K-
phosphate buffer (pH 6.5), 10 mM sodium azide (NaN3), 40 mM GSH, 20 unit ml-1 
glutathione reductase (GR), 2.4 mM NADPH and 2 mM hydrogen peroxide as 
substrate. GPx enzymatic activity is expressed as nmoles minP-1 PmgP-1 P of protein. 
CAT activity was measured by the decrease in absorbance at 240 nm (extinction 
coefficient, ε= 0.04 mM־1cm־1P) due to consumption of hydrogen peroxide (HR2ROR2R) 
according to Aebi (1974). CAT enzymatic activity is expressed as µmoles minP-1 PmgP-1 P of 
protein. 
For the analysis of AChE activity, gills and digestive glands were weighed and 
homogenized with a Potter glass homogenizer at a 1:2 w/v ratio, in 0.02 M phosphate 
buffer (pH 7.0) with 0.1% Triton X-100 and centrifuged at 10000 × g for 10 minutes at 
4ºC. 
The activity of AChE was spectrophotometrically determined, as described in 
Bocquené and Galgani (1998), by measuring the increase in absorbance of the sample at 
412 nm in the presence of 2.6 mM acetylthiocholine as substrate and 0.5 mM 5,5´- 
dithiobis-2-dinitrobenzoic acid (DTNB). AChE enzymatic activity is expressed as 
nmoles min-1mg-1 of protein. 
Aliquots of the supernatant were utilized for the spectrophotometric determination 
of activity of the enzymes GST, GPx, and AChE with an absorbance microplate reader 
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(BiotekELx 808) at a constant temperature of 20ºC. CAT activity was determined with a 
spectrophotometer Beckman DU® 640 in 1 mL quartz cuvette. 
Protein concentrations in the supernatants were measured according to Lowry et 
al. (1951) by using bovine serum albumine (BSA) as standard. 
 
2.1.2.8. Statistical analysis 
Differences among the means of the enzymatic activities in gills and digestive 
gland were analyzed by the Student’s t-test. The one-way ANOVA was used to 
compare the influence of inter-tidal height, the effect of temperature in the variability of 
the different enzymatic activities, and the effect of a pollution gradient in the enzymatic 
activities. Post-hoc tests (Tukey) were used to discriminate differences between 
temperatures, tidal height and sampling sites with different degree of pollution. 
Normality was analyzed using the Shapiro-Wilk test and homogeneity of variances 
using the Levene test. Significant differences were considered at p<0.05. The tests were 
performed using the SPSS statistical package version 15.0 and GraphPad Prism 
software version 4.01. 
 
2.1.3. Results 
2.1.3.1. Calculation of the minimum sample size 
Applying the methods described above, we have calculated the minimum sample 
size for the experimental design of selected mussel biomarkers. Table 2.1.1 shows the 
number of individuals per treatment required to detect 15, 20 and 22% differences 
between the means of two treatments with a power of 90% and a significance level of 
0.05, for GST, CAT, GPx and AChE. Concerning the GST activity in gills and CAT 
activity in digestive gland of mussels, the minimum sample size calculated to detect 
differences of 15% is n=12. GPx and AChE activities in gills showed a slightly higher 
interindividual variability, and using a sample size of n=12 the minimum differences 
detected would be 20% and 22%, respectively. The minimum sample sizes for these 
enzymes necessary to detect differences of 15% would be n=17 and n=23, respectively. 
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Table 2.1.1. Minimum sample sizes for GST, GPx and AChE 
activities in gills and CAT in the digestive gland, to detect 
differences of 15% and 20%. 
 N 
 GST GPx CAT AChE 
d=15% 12 17 12 23 
d=20% 8 12 8 14 
d=22% 7 10 7 12 
 
2.1.3.2. Selection of the specific organs 
Values of GST, GPx, CAT and AChE activities in the different mussel tissues 
(gills and digestive gland) are presented in Figure 2.1.2. The Student´s t test detected-  
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Figure 2.1.2. Glutathione S- transferase (A), Glutathione peroxidase (B), Catalase (C) and Acetylcholinesterase (D) 
activities in gills and digestive gland of mussels collected from the low inter-tidal level (LI) (0.82 m) from an 
unpolluted site. Values are mean ± standard deviation (n=12). Asterisks indicate significant differences between 
organs (Student´s t-test, p<0.05). 
 
significant differences (p<0.05) in GST activity between organs, being the levels of 
GST activity in gills three fold higher than the levels in the digestive gland. The enzyme 
A B 
C D 
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GPx also showed not significantly higher levels in gills than in the digestive gland. By 
contrast, CAT activity exhibited significantly higher values in the digestive gland 
(p<0.01), whereas the levels of AChE activity in gills were significantly higher than the 
activity in the digestive gland (p<0.05). Therefore, for subsequent experiments GST, 
GPx and AChE activities were measured in gills and CAT activity was measured in 
digestive gland.  
2.1.3.3. Influence of the inter-tidal height 
The levels of GST, GPx, CAT and AChE activities in mussels collected from 
three tidemark levels (0.82, 1.82 and 2.32 m) are shown in Figure 2.1.3. 
These results indicate that the basal levels of the GST activity in gills were 
significantly (p<0.05) affected by the tidal conditions, following an inverse relationship, 
with lowest values at highest tidemark levels. Significant differences were observed 
between LI (0.82 m) and HI (2.32 m) mussels (p<0.05). GPx and AChE activities in 
gills did not exhibit significant differences between tidemark levels, maintaining values 
between 5-6 and 15-20 nmol min-1 mg-1 of protein, respectively. CAT activity in the 
digestive gland showed values significantly higher in MI mussels. 
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Figure2.1.3. Glutahione S-Transferase (A), Glutathione peroxidise (B), Acetylcholinesterase (D) in gills and Catalase 
(C) in the digestive gland of mussels collected from the low inter-tidal level (LI: 0.82 m), medium inter-tidal level 
(MI: 1.82 m) and high inter-tidal level (HI: 2.32 m) zones. Values are mean ± standard deviation (n=12). Asterisks 
indicate significant differences between the different tidemark levels (Tukey test, p<0.05). 
2.1.3.4. Effect of temperature 
GST, GPx, CAT and AChE activities in M. galloprovincialis acclimated to 
different temperatures are presented in Table 1. Not significant differences in GST 
(p=0.116), GPx (p=0.109) or CAT (p=0.064) activities were detected after 7 days 
acclimation. However, temperature significantly affected AChE activity (p< 0.01). The 
Tukey’s test indicated a significant inhibition of AChE activity at 19ºC compared to 
lower temperatures, but this inhibition was not significant at 24ºC. 
Table 1.1.2. Glutathione S-Transferase, Glutathione peroxidase, Acetylcholinesterase activities in gills and 
Catalase activity in the digestive gland from mussels of the low inter-tidal level, after a 7 days acclimation 
period. Values are mean ± standard deviation (n=12). Asterisks indicate significant differences with respect to 
ambient temperature (Tukey test, p<0.05). 
 13.5 ± 0.5ºC Ambient temperature 18.5 ± 0.5ºC 23.5 ± 0.5ºC 
GST (nmol/min/mg P) 28.05 ± 10.7 32.88 ± 7.2 27.30 ± 6.6 34.53 ± 7.5 
GPx (nmol/min/mg P) 5.89 ± 0.9 5.13 ± 1.3 6.24 ± 1.4 4.81 ± 2.0 
CAT (µmol/min/mg P) 25.26 ± 5.3 29.17 ± 9.1 31.12 ± 4.7 24.62 ± 5.6 
AChE (nmol/min/mg P) 25.31 ± 8.9 30.11 ± 12.8 13.46 ± 6.3 * 21.73 ± 10.6 
 
2.1.3.5. Field validation 
GST, AChE and GPx activities in gills of mussels from the four sampling sites are 
represented in Figure. Animals collected in sites G3 and G4 showed a significant 
induction of GST activity and a significant inhibition of GPx. AChE activity was 
significantly inhibited only in mussels from site G4 compared to G1 (p<0.05; F = 
3.994). 
C D 
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Figure2.1.4. Glutathione S- transferase (A), Glutathione peroxidase (B) and Acetylcholinesterase (C) activities in 
gills of mussels collected from four sampling sites (G1, G2, G3 and G4). Values are mean ± standard deviation 
(n=12). Asterisks indicate significant differences with respect to G1 (Tukey test, p<0.05). 
 
2.1.4. Discussion 
One of the main problems which are currently limiting the applied use of 
biomarkers in routine monitoring is the discrimination between the effects of marine 
pollution and the genetic (interindividual) and environmental (seasonal) sources of 
variability. In fact, international monitoring programs advice taking samples during the 
same season, either on late autumn/early winter, when mussels are in a more stable 
physiological state, or before the spawning season (e.g. OSPAR, 2010). In order to 
achieve a more feasible application of those biological tools in marine pollution 
monitoring programs, the present study investigated a number of factors, such as the 
minimum sample size necessary to estimate the average value with a given confidence 
level, the most suitable organ for determination of the enzymatic activities, and the 
natural variability related to the tidal position. In addition, laboratory experiments were 
conducted to study the effects of temperature, one of the main environmental 
parameters showing seasonal variation, on the biomarker responses. 
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2.1.4.1. Minimum sample size 
The primary goal in coastal biomonitoring programs is to detect spatial and/or 
temporal patterns in targeted biological responses. To achieve this objective it is 
necessary to evaluate the background noise introduced by interindividual variability that 
may interfere with these patterns, and determine the number of sample replicates 
required to detect a desired difference between sample means at a given confidence 
level. As far as we know, this study is the first one to report an estimated minimum 
sample size for a battery of molecular biomarkers in mussels, M. galloprovincialis. For 
practical reasons, the GST, GPx, CAT and AChE activities are measured in the same 
individuals. Taking into account this monitoring design, and considering a standard 
confidence level (α=0.05) and statistical power (90%), a sample size of 12 mussels 
allows detection of 15% differences in GST and CAT activities, 20% differences in 
GPx activity, and 22% differences in AChE activity. For AChE, if we wished detection 
of 20% differences with the same confidence level and statistical power a larger sample 
size (n=14) is recommended. Higher discrimination power (for example differences of 
15%) would demand for AChE a too large sample size (n=23) which would made 
monitoring impractical. 
2.1.4.2. Selection of the target organ 
Sensitivity is one of the main practical requirements for a biomarker to be used in 
monitoring programs (Sanchez and Porcher, 2009). The selection of the target organ 
where the magnitude of response is the highest is thus an important factor to be taken 
into account for the development of useful biomarkers. Results of the present study 
indicate that GST, GPx and AChE activities are higher in gills than in the digestive 
gland of mussels. In agreement with our results, Mora et al. (1999) reported that the 
AChE activity in the gills of M. galloprovincialis was about four times higher than in 
the other organs, while the lowest activity was found in the digestive gland. Besides, 
Regoli and Principato (1995) also reported that the GST activity in the gills of M. 
galloprovincialis was higher than in the digestive gland, using CDNB as substrate, but 
obtained similar values for the GPx activity in the digestive gland and gills. 
Since gills are the first organ to be exposed to waterborne pollutants and 
constitute the major entry site for uptake of dissolved pollutants, it is reasonable to 
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expect that the level of oxidative processes in this tissue is maximum (Lau and Wong, 
2003; Power and Sheehan, 1996; Soldatov et al., 2007). This is also evidenced from the 
study of Cheung et al. (2001), which shows that GST, GSH and CAT activities in the 
gills of Perna viridis correlate better than those in the digestive gland with PAHs and 
PCBs levels in whole tissues. In contrast, our results indicate that CAT activity was 
markedly higher in the digestive gland than in the gills. In agreement, Regoli (1998) 
found 2-3 folder higher CAT activity levels in M. galloprovincialis digestive gland than 
in the gills. According to Livingstone et al. (1992), the digestive gland is the major site 
of xenobiotic and oxy-radical generating biotransformation enzymes, which may 
account for the higher CAT activities observed in this organ. Therefore, in view of the 
results obtained here it is recommended to measure the GST, GPx and AChE activities 
in gills and the CAT activity in the digestive gland, since this may provide a more 
sensitive response to environmental pollution. It is worth noting that changes in the 
activity of antioxidant enzymes in gills weakly depend on the condition (physiological 
status) of the organism and may be indicative of the environmental conditions (Soldatov 
et al., 2007). In contrast, the antioxidant complex of the digestive gland may be 
determined also by certain exogenous and endogenous factors related mainly to the 
gonad development, food availability and to seasonal changes in temperature, and 
therefore, may present a clear pattern of seasonal variation (Sheehan and Power, 1999; 
Lesser and Kruse, 2004; Manduzio et al., 2004). 
2.1.4.3. Effect of the temperature 
In a previous study, we have investigated the seasonal variability of biomarkers in 
the reference site (G0) (Vidal-Liñán et al., 2010). Our results have demonstrated that the 
GST (39-51.62 nmol min-1 mg-1prot) and GPx (2.02-2.71 nmol min-1 mg-1prot) 
activities in the gills did not show seasonal fluctuations, whereas levels of CAT activity 
(29.15-40.94 nmol min-1 mg-1prot) in the digestive gland and levels of AChE activity 
(7.71-16.12 nmol min-1 mg-1prot) in the gills showed significant seasonal variability. 
Seasonal variation of biomarkers in ectotherm marine organisms has been partially 
explained as a result of temperature oscillation during the year, and the activities of 
several biomarkers have been reported to be affected by pronounced temperature 
variations. For example, it has been found that AChE in gills and GST activities of 
whole mussels increase in summer and decrease in winter (e.g. Kaaya et al., 1999; 
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Pfeifer et al., 2005) Otherwise, Manduzio et al. (2004) observed an increase of GST 
activity in gills during winter when the GPx activity was lower. However, field studies 
have reported conflicting results since other factors different from temperature, such as 
salinity, food availability or reproductive status, may also affect the biomarker activities 
(e.g. Widdows, 1978; Bebianno et al., 2007). Laboratory experiments with animals 
acclimated to constant temperature may help to discern the effect of ambient 
temperature on the activity of these enzymatic biomarkers. In fact, the investigation of 
the influence of temperature on blue mussel (Mytilus edulis) biomarkers has been 
recently suggested (Farcy et al., 2013). Working with a tropical species of mussel, 
Verlecar et al. (2007) reported instances of significant increase in GST, GPx and CAT 
activities in mussels exposed to both cold stress and heat stress, but the effects were 
dependent on the exposure period and the organ chosen to measure the enzymatic 
activity. The present study did not find any effect of temperature on GST, GPx or CAT 
after 7 days acclimation within the range from 14 to 24ºC. This is in agreement with the 
results of the field studies conducted by Lau et al. (2004) and Bebianno et al. (2007) 
with the mussels Perna perna and M. galloprovincialis, respectively. This points to 
other environmental or intrinsic factors as responsible, at least in part, of the seasonal 
variation observed in the field. Although it should be noted that the present study was 
conducted with mussels collected in autumn, and that were acclimated in the field to a 
certain temperature (ca. 15°C), which may affect their response to the experimental 
variations in temperature. Leiniö and Lehtonen (2005) observed changes in GST 
activity in correlation with the seasonal patterns of food availability, Bebianno et al. 
(2007) reported a significant decrease of GST activity with increasing salinity, and 
Sheehan and Power (1999) associated biomarker seasonal variation with the natural 
physiological cycle of the bivalves. On the other hand, Pfeifer et al. (2005) found that 
AChE activity increases with temperature, but in the present study a clear pattern of 
response was not found. In this respect, Bocquené and Galgani (1998) pointed out that 
only AChE activity in blue mussels from locations in the same geographical area should 
be compared. 
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2.1.4.4. Tidal height 
Most coastal monitoring programs rely on intertidal mussels, due to easier 
collection compared to individuals from subtidal habitats. The physiology of sessile 
intertidal organisms is strongly affected by exposure to air and abrupt changes of 
temperature. In particular, tidal conditions have been reported to alter several 
biochemical responses in mussels (e.g. Charles and Newell, 1997; Izagirre et al., 2008). 
Regarding antioxidant defences, recent laboratory studies have investigated their 
response to anoxia (Almeida and Bainy, 2006; Almeida et al., 2007) or temperature 
(Khessiba et al., 2005; Verlecar et al., 2007) in marine mussels. However, less effort has 
been devoted to the evaluation of the variability of antioxidant responses related to the 
tidal conditions in the field. The valve closure during emersion, and the subsequent loss 
of water from the pallial cavity, implies a decrease in oxygen tension in the tissues; 
mussels thus rapidly experience hypoxia, or even anoxia, when emersion is prolonged 
(Letendre et al., 2008). One strategy commonly used by intertidal bivalves during tidal 
exposure is a reduction in oxygen consumption. Some bivalves, including M. edulis and 
M. galloprovincialis, show reductions of up to 80% in their oxygen uptake under these 
conditions (Widdows et al., 1979). This may result in a decrease of ROS production 
during the emersion periods, therefore, we could also expect a reduction in antioxidant 
activity of the air-exposed mussels. This assumption is supported by our results 
obtained for the GST activity in gills, where we can observe a clear decrease in the 
activity with an increase in the air-exposure period. In this line, Monari et al. (2005) 
reported that the superoxide dismutase activity was lower in the clam Chamelea gallina 
exposed to anoxic conditions than in control conditions. In contrast, Letendre et al. 
(2009) found higher antioxidant enzymatic activities in mussels (M. edulis) living in the 
upper intertidal zone, suggesting an ability to adjust their antioxidant defences in 
response to the stressful situation induced by living in this habitat. On the other hand, 
our results indicate that the CAT activity in the digestive gland showed a higher activity 
in mussels from medium inter-tidal (p<0.01; F = 9.035) with respect to mussels from 
high and low inter-tidal levels. However, it must be taken into account that this organ is 
also influenced by several factors such as food availability and reproductive status. 
The results about the influence of tidal height in the basal enzymatic activities 
presented here indicate tidal height is an important factor to consider when determining 
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GST and CAT activities, while GPx and AChE activities are unaffected. Taking this 
into account, mussels from low inter-tidal level would be the most adequate for marine 
pollution monitoring programs, since the oxidative stress due to environmental factors 
is already considered in these organisms. When studying lysosomal responses at 
different tidal heights, Izagirre et al. (2008) also concluded that mussels collected at low 
intertidal level (between the 0.5 and 1.5 m tidemark levels) are the most suitable for 
monitoring. 
2.1.4.5. Field validation 
The practical procedures proposed here were validated in a field survey. GST, 
GPx and AChE activities were measured in mussels collected from four sampling sites 
with increasing chemical pollution from the Galician coast (NW Iberian Peninsula). 
GST and GPx activities were selected to carry out the field study due to the lack of 
seasonal variability, whilst AChE activity was also selected since it has been identified 
as a suitable pre-CEMP (Co-ordinated Environmental Monitoring Programme) 
technique for incorporation into OSPAR monitoring programmes (ICES, 2011). 
Site G1 is located in the inner part of the Ría de Arousa, the least polluted of the 
Galician Rías, and G2 is located in an unpolluted beach in the middle-outer part of the 
Ría de Pontevedra. Both sites are far from urban or industrial pollution sources and 
present low levels of metals, PAHs and PCBs (Bellas et al., 2011; Besada et al., 
2011a,b; Soriano et al., 2006). G3 is located in the inner part of the Ría de Muros, close 
to a small village, and may be subjected to incidental urban and/or industrial inputs of 
PAHs (Soriano et al., 2006), whilst G4 is located on a beach close to the city and port of 
Vigo (ca. 300000 inhabitants), and receives inputs of pollutants from Lagares river 
discharges. This site shows high concentrations of pollutants such as trace metals or 
PCBs (Bellas et al., 2011; Besada et al., 2002; Besada et al., 2011b). 
Regarding biochemical analyses, GST and AChE activities in mussels from sites 
G1 and G2 were similar to those obtained for mussels from the reference site G0, 
however GPx activities were higher in G1 and G2. This indicates that there is oxidative 
stress in mussels from G1 and G2, but the pollutant concentrations in their tissues are 
lower than those measured in mussels from G3 and G4, which presented lower GPx 
activities (Bellas et al., 2011; Besada et al., 2002; Besada et al., 2011b). GPx regulates 
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endogenous reactive oxygen species at relatively low levels, to maintain normal cell 
functions and to reduce the damage caused by their high reactivity, which may suggest 
that the high activities found in relatively unpolluted sites may be due to natural factors 
that may alter the oxidative stress levels, rather than to pollution. Moreover, GST is 
involved in phase II of biotransformation and plays a complementary role in the 
antioxidant defences system of the cell at high levels of oxidative stress, which is 
consistent with the low environmental variability observed for this biomarker (Vidal-
Liñán et al., 2010), and is supported by the low GST levels found in unpolluted sites. 
Thus, G3 and G4 showed the highest GST activities and the lowest AChE activities, 
which is in agreement with the highest pollution levels observed at these sites. 
According to the results of our study, GST and AChE activities would be suitable for 
use in marine pollution monitoring programs. However, at this moment, GPx, as well as 
CAT, is not robust enough to be applicable to coastal areas of high oceanographic 
variability. 
In conclusion, when using mussel enzymatic biomarkers in the assessment of 
marine pollution, it is crucial to design sampling strategies to identify the effect of 
natural sources of variability and to distinguish it from the biomarker response to 
pollutant exposure. This may help to better understand the environmental significance 
of the biomarker response data. On the basis of the recommendations arising from this 
and other studies, sampling cruises may be limited to fixed times of the year, for 
example avoiding the spawning season of the species can be a compromise solution. 
Modelling the seasonal variation in reference populations as a function of sampling 
time, and setting variable rather than constant assessment criteria seems an alternative 
approach that would allow sampling all year round. Also, the baseline levels of the 
enzymatic activities should be estimated. Here is crucial the calculation of the minimum 
sample size necessary to account for the interindividual variability, which may vary 
between 12 and 14 individuals, and the collection of mussels from the low inter-tidal 
level. 
Finally, the way forward for the use of biomarkers in the assessment of marine 
pollution is to further define the effects of toxicants and their variability associated to 
biotic and abiotic factors, in order to be able to predict their ecological effects. In this 
sense, over recent years the application of ‘omic’ technologies (e.g. genomics, 
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proteomics, metabolomics) have arisen within the field of ecotoxicology (e.g. Snape et 
al., 2004; Viant, 2007; Van Aggelen et al., 2010). These new biomarkers provide 
information about gene expression, protein levels and large sets of cell metabolites in 
organisms exposed to pollutants, which may yield new insights into the mechanisms of 
pollutant toxicity and improve the understanding of their environmental risks. Although 
more research is needed for the validation and application of these techniques in 
biomonitoring (efficiency, reliability, cost-effectiveness), the combined use of 
‘traditional’ biomarkers with new ‘omic’ methodologies, as well as with responses at 
higher levels of biological organization (growth or reproduction), would help to 
establish the link between cellular and molecular specific changes and the effect at the 
individual/population level. 
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2.2. Integrated use of antioxidant enzymes in mussels, Mytilus 
galloprovincialis, for monitoring pollution in highly productive coastal 
areas of Galicia (NW Spain) 
 
 
2.2.1. Introduction 
Coastal and estuarine ecosystems are subjected to several forms of disturbance, 
among which chemical pollution associated to industrial activities and high urbanization 
is of major concern (Clark, 2001; Walker et al., 2001). Although traditionally marine 
pollution has been assessed in terms of the chemical analyses of different environmental 
matrices, the determination of the biological effects of pollutants has become an issue of 
high concern. In fact, international organizations with competence in marine pollution 
assessment, advocate for the use of biological responses as a complement to chemical 
analyses in monitoring programmes (ICES, 2008; OSPAR, 2000). 
Mussels, such as Mytilus galloprovincialis and other marine bivalves, are 
commonly used as sentinel species for monitoring in coastal environments all over the 
word (Goldberg, 1975; Bayne et al., 1985). Hence, mussels fulfil the requirements 
which make them useful bioindicators of chemical pollution: they have a wide 
geographical distribution, are easy to collect, are sessile inter-tidal filter-feeding 
organisms which may be exposed to large amounts of chemical pollutants, and are 
capable of accumulating and tolerating high concentrations of many organic and 
inorganic pollutants in their tissues (Livingstone, 1991). Additionally, they are an 
important component of coastal ecosystems and even bear commercial importance in 
certain regions (Pisoni et al., 2004). 
Biomarkers, may be defined as quantitative measurements of changes occurring at 
cellular, biochemical, molecular, or physiological levels, that can be measured in cells, 
body fluids, tissues or organs within an organism and that may be indicative of 
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xenobiotic exposure and/or effect (e.g. McCarthy and Shugart, 1990; Allen and 
Moore,2004; Lam and Gray, 2003). One of the key functions of biomarkers is to 
provide early warning signals of significant biological effects and it is generally 
believed that sub-organismic (molecular, biochemical and physiological) responses 
precede those that occur at higher levels of biological organization such as population, 
community or ecosystem (Lam, 2009). During last years, marine pollution monitoring 
programs have successfully been including biomarkers as tools for the assessment of the 
biological effects of pollutants (Den Besten, 1998; Cajaraville et al.,2000), and high 
correlation between biomarker levels and pollutant concentrations are frequently 
reported (Michel et al., 1993). 
Production of oxyradicals occurs naturally during cellular aerobic respiration 
mechanisms as a result of partial reduction of oxygen to water, but also during 
metabolic processing of certain xenobiotics (Livingstone et al., 1990). Oxyradicals 
generation could lead to an oxidative stress situation which in turns would cause 
oxidative damage to cellular macromolecules like proteins, lipids and DNA 
(Livingstone, 2001). The extent to which oxyradicals produce biological damage is 
dependent on the effectiveness of the antioxidant defences (Livingstone et al., 1992). 
These include a number of specific enzymes with an important feature, their inducibility 
under oxidative stress conditions (Di Giulio et al., 1989). For any organism, such stress 
is an important and frequent consequence of exposure to contaminants, that is why 
measurements of oxidative damage and antioxidant responses are commonly used as 
biomarkers in ecotoxicological studies (Letendre et al., 2009). In particular, 
measurement of antioxidant enzymatic activities is a means to diagnose the adverse 
effects of environmental pollution on organisms. 
Among the most frequently used biomarkers of oxidative stress are the enzymes 
glutathione S-transferase (GST), catalase (CAT) and glutathione peroxidase (GPx) (e.g. 
Regoli and Principato, 1995; Manduzio et al., 2004; Borkovic et al., 2005). GST are 
phase II (conjugation) enzymes involved in the detoxification of organic xenobiotics, 
belonging to a versatile enzyme superfamily that possesses also a range of other 
functions (reviewed by Sheehan et al., 2001). These enzymes also play a role in 
protection against oxidative stress by catalysing a selenium-independent glutathione 
peroxidase activity (Prohaska, 1980). GST activity, measured traditionally using 
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reduced glutathione (GSH) and chlorodinitro-benzene (CDNB) as co-substrates (Habig 
et al., 1974), has been widely used as a biomarker of exposure to PAHs, PCBs and trace 
metals both in fish and invertebrates (Lee et al., 1988; Fitzpatricket al., 1997; Funes et 
al., 2006). 
GPx and CAT protect cells against the deleterious effects of oxyradical generation 
by maintaining endogenous reactive oxygen species at relatively low levels and 
attenuating the damages related to their high reactivity (Livingstone et al., 1990). GPx 
catalyze the reduction of hydrogen peroxide into water or organic peroxides to their 
corresponding stable alcohols by oxidizing the reduced glutathione (GSH) into its 
oxidized form (GSSG). CAT is responsible for the breakdown of hydrogen peroxide 
into water and oxygen, which may be produced during basal aerobic metabolism or after 
a pollution-enhanced oxyradical generation (Winston et al., 1990). Both GPx and CAT 
activities have been used as indicators of oxidative stress in aquatic organisms, 
including bivalves, caused by exposure to pollutants (e.g. trace metals: Regoli, 1998). 
Many studies have shown positive correlations between levels of antioxidant defences 
and the presence (levels, concentration) of xenobiotics (e.g. Orbea et al., 2002). 
The aim of the present work was to investigate the potential use of CAT, GPx and 
GST activities in wild mussels (M. galloprovincialis) as biomarkers of environmental 
pollution and water quality assessment in highly productive ecosystems such as the Ría 
de Vigo and Ría de Pontevedra. We have studied the seasonal and spatial variations of 
such biochemical markers from four sampling localities with different sources of 
contamination. Trace metals, polycyclic aromatic hydrocarbons (PAHs), tributyltin 
(TBT), polychlorinated biphenyls (PCBs) and dichlorodiphenyltrichloroethane(DDT) in 
mussels were also measured and their correlations with the enzymatic activities were 
studied. 
 
2.2.2. Materials and methods 
 2.2.2.1. Site description 
Mussels (M. galloprovincialis) were collected in April 2006, in February, April 
and September 2007, and in March 2008 from three localities (P2, P3 and P4) at Ría de 
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Pontevedra and two localities (V0 and V1) at Ría de Vigo (Figure 2.2.1). The three sites 
at Ría de Pontevedra (P2; 42º 24' 27'' N, 8º 41' 1'' W; P3; 42º 24' 21'' N, 8º 41' 5'' W and 
P4; 42º 25' 48'' N, 8º 42' 17'' W) are located in the inner part of the estuary, where 
previous studies (Beiras et al., 2003 a, b) have revealed high contamination by trace 
metals. 
P2 and P3 are located close to the industrial complex (chlor-alkali plant and pa per 
mill) and Marin shipyard. On the other hand, P4 is situated close to a small fishing-
town. In the Ría de Vigo, a site located in Bouzas Port (V1; 421305100N, 84403600W) 
and a control site (V0; 421102500N, 84804800W) located in the outer part of the 
estuary away from sources of pollution, were chosen. 
 
 
Figure 2.2.1. Map of the NW coast of Spain, showing the location of the five sampling sites: V0, 
V1, P2, P3 and P4. 
 
 2.2.2.2. Sample collection and preparation 
In each site 43 mussels (4.5-5.5 cm) were sampled during low tide in the intertidal 
zone and transported in an ice-box to the laboratory. Twenty five specimens assigned to 
chemical analyses were stored at –20ºC. Digestive gland and gills for biochemical 
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analyses were dissected from eight specimens, rapidly frozen in liquid nitrogen and 
stored at –80ºC. Moreover, 10 mussels were used for condition index determination. 
The condition index (CI) is used to follow the seasonal change in gross nutrient reserves 
or meat quality. This index is calculated as the ratio: (soft tissue dry weight (g)/ shell 
dry weight (g)). 
 2.2.2.3. Biochemical analyses 
In a previous study, we investigated the activity of GST, GPx and CAT in gills 
and digestive gland of mussels from the Galician Rías. Significantly higher activity of 
GST and GPx in gills was found, whereas CAT activity exhibited much higher levels in 
the digestive gland (Vidal-Liñán, 2008). Therefore, we decided to analyze GST and 
GPx in gills and CAT in the digestive gland. 
Digestive gland and gills were weighed and homogenized with a homogenizer 
(Ultra-Turrax), at a 1:4 and 1:2 w/v ratio, respectively, in 50 mM K-phosphate buffer 
containing 2 mM EDTA (pH 7.5). Samples were centrifuged at 15.000 g for 15 minutes 
at 4-7ºC. Aliquots of the supernatant were utilized for the spectrophotometric 
determination of activity of the enzymes GST, GPx and CAT with an absorbance 
microplate reader (Biotek ELx 808) at a constant temperature of 20ºC. 
GST activity was evaluated according to Habig et al. (1974), adapted to 
microplate. The formation of S-2,4-dinitro phenyl glutathione conjugate was monitored 
following its absorbance at 340 nm (extinction coefficient, ε= 9.6 mM-1cm-1). Catalase 
was measured by the decrease in absorbance at 240 nm (extinction coefficient, ε= 0.04 
M־1cm־1) due to consumption of hydrogen peroxide (H2O2) according to Aebi (1974). 
Glutathione peroxidase activity was assayed in a coupled enzyme system where 
NADPH is consumed by glutathione reductase to convert the formed oxidized 
glutathione form (GSSG) to its reduced form (GSH) according to Halliwell et al. 
(1999). The decrease of absorbance was monitored at 340 nm (ε= 5.598 mM־1cm־1) in 
0.1 M K-phosphate buffer (pH 6.5), 10 mM sodium azide (NaN3), 40 mM GSH, 20 unit 
ml-1 glutathione reductase (GR), 2.4 mM NADPH and 2 mM hydrogen peroxide as 
substrate. Protein concentrations in the supernatants were measured according to Lowry 
et al. (1951) by using bovine serum albumine (BSA) as standard. All the enzymatic 
activities are expressed as nmol min1 mg1 of protein. 
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 2.2.2.4. Chemical analyses 
Soft tissues from 25 individuals were dissected and pooled into a composite 
sample. Composited samples were deposited on a nylon mesh and lyophilized for 72 h. 
Powdered samples were obtained using a tungsten-blade grinder for analyzing metals, 
PAHs and OC compounds according to the methods described below.  
 2.2.2.4.1. Metals (Cu, Zn, Pb and Cd) 
Three replicates of 0.5 g were deposited in polypropylene vials and digested with 
1 mL of HNO3 and 200 µL of H2O2 per 100 mg of dried sample, using a microwave-
assisted technique, following a method described in Sánchez-Marín et al. (2008). 
Samples were analyzed by inductively coupled plasma mass spectrometry using an X 
Series ICP-MS, (Thermo Elemental, Cheshire, UK). Procedure blanks and certified 
reference material ERM-CE278 (mussel tissue) were included in the sample treatment 
and analysis. 
 2.2.2.4.2. Polycyclic aromatic hydrocarbons (PAHs)  
PAHs in mussels were analyzed according to previously described methods (Nieto 
et al., 2006). Extraction was conducted by means of a soxhlet system that used a 
mixture of n-hexane and acetone as solvents for 7 h. Then, a solid phase extraction 
clean up of the extract was carried out with a 10% deactivated alumina column and n-
hexane. PAHs obtained from mussel tissue samples were determined by HPLC using a 
chromatographic system model Alliance 2690 (Waters), equipped with a Vydac 
201TP54 column (4.6 x 250 mm, 5 μm particle size; Grace Vydac) and coupled to a 
fluorimetric detector model 474 (Waters). We injected 20 µL of sample into the column 
maintaining a constant temperature of 23.5ºC. The fluorimetric detection was carried 
out by programming the specific excitation and emission wavelengths of each PAH 
analyzed. The analytical data were verified through the participation in an 
intercalibration exercise organized by the Spanish Institute for Oceanography (IEO). 
The reference material was wet mussel tissue. 
 2.2.2.4.3. Organochlorinated compounds (OCs) 
Soxhlet extraction of 1 g of sample was made with a mixture (1:1) n-
pentane:dichloromethane for 8 h. Clean-up was carried out using a chromatography 
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column on 6% deactivated alumina, n-pentane being the eluent. The extracts were 
separated into two fractions using a chromatography column on silica (3% deactivated).  
The first fraction was eluted with isooctane contained PCBs, p,p´-DDT, o,p´-DDT 
and dichlorodiphenyldichloroethylene (p,p´- DDE). The second fraction was eluted with 
15% diethyl ether in isooctane contained dichlorodiphenyldichloroethane (p,p´-DDD). 
Both fractions were concentrated under a nitrogen stream to 1 mL and PCB 155 was 
added as an internal standard. Quantitation was performed using eight external standard 
calibration mixtures, containing 1–80 µg L-1 of selected congeners (IUPAC Nos 28, 52, 
101, 118, 138, 153 and 180), p,p´-DDE, p,p´-DDD, p,p´-DDT and o,p´-DDT. The 
concentrated extracts were analyzed by gas chromatography-electron capture detection 
(Perkin–Elmer Autosystem gas chromatograph). The capillary column used was a TRB-
5 (Teknokroma, Spain) (60 m × 0.20 mm ID, 0.4 µm phase thickness). The 
chromatographic conditions were as follows: the column temperature program was 90ºC 
(3 min) to 215ºC (40 min) at 30ºC min-1 and 275ºC (30 min) at 5ºC min-1; the injector 
temperature (splitless mode) was 270ºC; the ECD temperature was 365ºC; the carrier 
gas was helium. Quality assurance of the analyses was primarily secured through 
parallel analyses of two certified reference material BCR (CRM-350 and CRM-598), 
and participation in QUASIMEME intercomparison exercises. 
An aliquot of the soxhlet extract was used to determine gravimetrically the lipid 
content. 
 2.2.2.4.4. Tributyltin (TBT) 
Approximately 2 g of sample was spiked with a diluted solution of the 119Sn-
enriched mixture of monobutyltin (MBT), dibutyltin (DBT) and tributyltin (TBT) and 
mixed with 1 mL of methanol and 3 mL of acetic acid. The resulting slurry was placed 
in a thermostatic bath for 30 min at 47ºC. Ethylation was carried out by addition of 1 
mL of a 2% (w/v) sodium tetraethylborate in 0.1 M NaOH and 1.5 mL of n- hexane was 
added for extraction. The extract was then purified with 1.5 g of Florisil column. After 
purification, the extract was concentrated using nitrogen blowing to obtain a 50 μL final 
volume. Finally, 2 μL were injected into the GC-MS (Agilent 6890/5973 inert gas 
chromatograph/mass selective detector (GS/MSD) system) detection instrument. 
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Chromatographic conditions were the following: capillary column, HP-5 (5% 
phenyl methylsiloxane, ID 0.25 mm, length 30 m, film thickness 0.25 μm); injector 
temperature, 250ºC; temperature programme, 50ºC for 5 min, then 30ºC min-1 up to 
300ºC, post run 5 min at 300ºC; transfer line temperature, 300ºC, splitless injection; 
constant flow of 1.2 mL min-1 gas helium. Procedure recovery yields were tested by 
analyzing the certified reference material ERM-CE 477: TBT= 2.20±0.19 mg kg-1 dw, 
DBT= 1.54±0.12 mg kg-1 dw, and MBT= 1.50±0.28 mg kg-1 dw. 
 2.2.2.5. Statistical analysis 
Geographical and seasonal variation in biochemical parameters were tested in 
gills and digestive gland by using two-way ANOVA, with site, time of collection, and 
“site vs time” interaction as variables. Post-hoc tests (Bonferroni) were used to 
discriminate differences between sites for each time of collection. Differences indicated 
in the text are of statistical significance (p<0.05). Correlation analyses were performed 
between chemical and biochemical data using the Pearson’s correlation coefficient. 
Non-metric multidimensional scaling (Kruskal) and cluster analysis were applied to 
compare and establish relationships between enzymatic activities levels and 
contaminant concentration found in mussels. Due to scale differences between 
variables, a logarithmic (log10) data transformation was applied to reduce the size 
effects. The tests were performed using the SPSS statistical package version 15.0 and 
GraphPad Prism software version 4.01. 
 
2.2.3. Results 
 2.2.3.1. Condition index 
The condition index (CI) was measured at each period of collection in all sites to 
assess the reproductive status of the mussels. Results are summarized in Fig. 2.2.2 and 
showed that the highest CI were registered in mussels at V1, P2, P3 and P4 in March 
08. 
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Fig. 2.2.2. Condition index of mussels from the sampling sites. Different letters 
indicate different homogenate groups, p<0.01 (Bonferroni test). 
 
 2.2.3.2. Biochemical analyses 
Values of GST activity in gills of mussels from the five sampling sites are 
presented in Figure 2.2.3. Animals collected at the control site (V0) (39-51.62 nmol 
min-1 mg-1 prot) and site P4 did not show seasonal fluctuations in the activity of this 
enzyme, whereas animals collected in sites V1, P2 and P3 showed significantly 
increased GST activity in September 07 and (for V1 only) March 08. 
With regard to spatial variations, the GST activity in V1 was always significantly 
higher than the activity registered at the control site (p<0.05). P3 presented a similar 
pattern than V1, except in February 07, when no significant differences were found with 
the control site. By contrast, in all sampling periods the GST activity in P2 and P4 did 
not show significant differences to the control site. 
Data concerning GPx activity levels in mussel gills are shown in Figure 2.2.4. The 
enzyme GPx showed significant seasonal variability in the sites V1 and P2, limited to a 
single sampling date, February 07 and April 07, respectively. For the remaining 
localities and dates, no significant differences were observed. 
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Figure 2.2.3. Glutathione S- transferase activity in gills of mussels collected at the 
sampling sites. Values are mean ± standard deviation (n=8). Different letters indicate (a) 
significant seasonal variations p<0.05 (Bonferroni test), and (b) significant differences 
to control site, V0 (p<0.05, Bonferroni test). 
 
Comparing all sampling stations with the control site (2.02-2.71 nmol min-1 mg-1 
prot), significant differences were found again for V1 in February 07, and for P2 in 
April 07. Therefore, the spatial variation of the GPx did not show a consistent pattern 
such as that observed for GST. 
 
Figure 2.2.4. Glutathione peroxidase activity in gills of mussels collected at the 
sampling sites. Values are mean ± standard deviation (n=8). Different letters indicate 
(a) significant seasonal variations p<0.05 (Bonferroni test), and (b) significant 
differences to control site, V0 (p<0.05, Bonferroni test). 
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Levels of CAT activity in the digestive gland showed significant seasonal 
variability in the control site, P3 and P4 (Figure 2.2.5). In the control site the CAT 
activity (29.15-40.94 µmol min-1 mg-1 prot) was significantly higher in September 07 
than in April 07 and March 08, while in P3 and P4 a significant increase was observed 
in April 07. In April 07, the levels of CAT activity from all localities were significantly 
higher than the activity at the control site. By contrast, in September 07 and March 08 
significant differences with the control site were not observed. 
 
Figure 2.2.5. Catalase activity in digestive gland of mussels collected at the sampling 
sites. Values are mean ± standard deviation (n=8). Different letters indicate (a) 
significant seasonal variations p<0.05 (Bonferroni test), and (b) significant differences 
to control site, V0 (p<0.05, Bonferroni test). 
 
 2.2.3.3. Chemical analyses 
Table 2.2.1 shows trace metal, PAHs, TBT, and organochlorinated compounds 
(PCBs, p,p´-DDT, p,p´-DDE and p,p´-DDD) concentrations in mussel tissues from all 
localities. Regarding metals, mussels from V1, P2, P3 and P4 showed higher 
concentrations of Cu and Pb than those from the control site (V0). Mussels from sites 
V1 and P3 showed a Cu content one order of magnitude above the control. In contrast, 
Zn and Cd did not show any important noticeable enhancement compared to the control 
site, except for February 07 in V1, with significantly higher levels. 
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Table 2.2.1. Metal (µg g-1 dw), PAHs (µg kg-1 dw), TBT (µg kg-1 dw), PCBs (µg kg-1 dw) and p,p´-DDT (µg kg-1 
dw) concentrations in mussels collected at the sampling sites. 
Site Month Cu Zn Cd Pb ∑16PAHs TBT ∑7PCBs DDT 
V0 06.02.07 5.02±0.05 306.99±2.24 1.12±0.05 1.65±0.05 265.22 75 42.79 0 
 02.04.07 5.10±0.05 422.47±4.64 0.64±0.02 1.73±0.02 145.87 n.m 32.18 0 
V1 06.02.07 75.34±0.35 457.11±3.93 1.51±0.03 4.70±0.00 303.30 4086 73.93 3.4 
 02.04.07 44.95±0.63 367.43±15.71 0.58±0.02 4.88±0.17 517.20 n.m 80.37 4.59 
P2 06.02.07 10.59±0.00 320.22±3.17 0.53±0.04 4.07±0.05 79.78 4233 35.33 1.4 
 02.04.07 5.10±0.05 422.47±4.64 0.64±0.025 5.30±0.12 188.14 n.m 33.33 1.66 
P3 06.02.07 48.17±0.43 439.58±4.32 0.55±0.01 3.21±0.06 167.92 8061 29.0 2.86 
 02.04.07 31.43±2.41 419.64±12.00 0.61±0.10 4.65±0.12 490.84 n.m 22.77 2.08 
P4 06.02.07 6.60±0.16 230.46±3.78 0.43±0.04 2.78±0.02 200.98 406 13.82 0 
 02.04.07 8.43±0.69 205.27±7.55 0.34±0.04 2.78±0.06 129.32 n.m 22.41 0 
 
Regarding PAHs, V1 and P3 showed the highest concentrations (three times 
higher than V0) in April 07, whereas that in February 07 showed similar PAHs 
concentrations than V0. P2 and P4 in all the sampling periods showed similar PAHs 
concentrations than 0.  
Compared to mussels from the control site (V0), those from V1, P2, P3 and P4 
presented significantly higher concentrations of TBT, being P3 the most contaminated 
site followed by P2, V1 and P4. 
Total PCBs concentrations (expressed as the sum of the seven measured 
congeners: IUPAC Nos. 28, 52, 101, 118, 138, 153 and 180) in V1 were higher than 
those measured at the control site, with a median value of 77.15 μg kg-1 dw in V1 and 
37.48 μg kg-1 dw in the control site. On the contrary, the other sampling localities 
showed PCBs concentrations similar or lower than V0. Furthermore, the p,p´ -DDT, 
p,p´ -DDE and p,p´ -DDD concentrations measured confirmed that V1 was the locality 
with the highest persistent organic pollutants concentrations, although P2 and P3 also 
presented high levels of p,p´ -DDT, p,p´ -DDE and p,p´ -DDD. 
 2.2.3.4. Relationship between chemical and biochemical analyses 
In general, biomarkers correlated positively with concentrations of pollutants 
measured in mussel tissues. In particular, significant correlations were found for GST 
activity and Cu (p<0.01, r2 = 0.76), Zn (p<0.05, r2 = 0.40), PAHs (Σ16PAHs: p<0.05, r2 
= 0.56; Low molecular weight PAHs: p<0.001, r2 = 0.48) and organochlorinated 
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compounds (Σ7PCBs: p<0.05, r2 = 0.43; p,p´ -DDT: p<0.001, r2 = 0.88). However, no 
significant correlation was observed for the antioxidant enzymes GPx and CAT. 
Figure 2.2.6 shows the bidimensional conﬁguration of the sampling sites 
according to non-metric multidimensional scaling (NM-MDS) and classiﬁcation into 
groups by using cluster analysis, based on either biomarker responses (A) or mussel 
bioaccumulation (B). The NM-MDS conﬁguration obtained with data of biomarker 
responses (stress = 0.00017; n = 20) discriminated a group which contained sites V1 and 
P3 in September 07 and March 08 (high oxidative stress), a second group with sites P2 
in September 07 and P3 in February 07 and April 07 (moderate oxidative stress) and a 
third group with V0, P4 and P2 in February 07 and March 08 (low oxidative stress). 
This ordination is consistent with the classification of the sampling sites obtained using 
the chemical analyses data (stress = 0.09404; n = 10), which presents a highly polluted 
group with sites V1 and P3 in April 07, a moderately polluted group with sites P2 and 
P3 in February 07 and a third group with V0 and P4 characterized by low pollution 
levels. 
 
 
A 
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Figure 2.2.6. Bidimensional configuration of the sampling sites obtained by 
multidimensional scaling of chemical contents in mussels (A) and biomarkers in 
mussels (B). Groups from the hierarchical cluster analysis are circled on the plot. 
 
2.2.4. Discussion 
Results from a previous study indicate that GST and GPx activities were 
significantly higher in gills than in the digestive gland, whereas CAT activity exhibited 
much higher levels in the digestive gland (Vidal-Liñán, 2008). 
Gills are located in the ventilated mantle cavity of the mollusc and directly 
interact with the marine environment, therefore the level of oxidative processes in this 
tissue is maximum (Soldatov et al., 2007). Therefore, the activities of GST and GPx are 
higher in gills than in the digestive gland. The difference between CAT and GPx 
activities may indicate a differential capacity of response to oxidative stress. According 
to Box et al. (2007) CAT and GPx play a complementary role in the elimination of 
H2O2. It has been demonstrated that CAT is active at rather high H2O2 concentrations, 
playing a minor role in the catabolism of H2O2 at low production, but when the rate of 
H2O2 is enhanced its importance increases. Thus, the high activity of CAT detected in 
the digestive gland may indicate that H2O2 accounts for a large proportion of reactive 
oxygen species generated in this tissue. GPx probably acts maintaining normal cell 
functions, whereas CAT acquires importance in the response to oxidative stress. 
B 
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Therefore, in this work GST and GPx were measured in gills and CAT in the 
digestive gland. In their review Soldatov et al. (2007) pointed out that the antioxidant 
enzyme complex of M. galloprovincialis exhibits pronounced tissue specificity. Gill 
tissue dequately reflects the conditions of the aquatic environment, and changes in the 
activity of antioxidant enzymes in gills weakly depend on the condition (physiological 
status) of the mollusk. On the other hand, the antioxidant complex of the digestive gland 
may be determined not only by the environment but also by certain internal factors (e.g. 
nutrition, spawning). Thus, Manduzio et al. (2004) suggested that the digestive gland 
may show high fluctuations of the enzymatic activity levels between seasons, unlike 
those obtained with the gills. 
The use of enzymatic activities as biomarkers requires a good knowledge of its 
temporal variability. As referred by Vidal et al. (2002) in their study with clams, 
knowledge of these factors could not only greatly reduce erroneous results, but also 
improve data interpretation in biomonitoring surveys. For instance, contradictory results 
have been obtained regarding seasonal variation in GST activity. Sheehan and Power 
(1999) found no seasonal variations in Mytilus edulis, whereas Leiniö and Lehtonen 
(2005) observed changes in the M. edulis GST activity in correlation with the seasonal 
pattern in food availability. Regarding antioxidant enzymes such as CAT and GPx 
seasonal variations have been commonly reported (Lesser and Kruse, 2004; Sheehan 
and Power, 1999). In addition, environmental factors such as food availability, 
reproductive status and some other factors, as well as the levels of pollutants in tissues, 
may fluctuate during the year. As a result, changes in biomarker levels may be simply 
related to the natural physiological cycle of the species and thus quite unrelated to 
changes in exposure to chemical pollution (Sheehan and Power, 1999). Therefore, prior 
to the correct use of biomarkers it is essential to know the ranges of natural variability 
in their levels in the species populations inhabiting a geographic area in study. 
In the present study, seasonal variations in all the studied biomarkers were 
observed, although GST and GPx activities showed rather uniform patterns, and no 
significant variability was found on the control site for those biomarkers. In contrast, 
Kaaya et al. (1999) in their study with M. galloprovincialis, found seasonal variations of 
GST activity in control and polluted sites, obtaining the highest levels of activity in 
summer and autumn and the lowest levels in winter and spring. Nevertheless, in 
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agreement with our results, Bocchetti and Regoli (2006) reported that mussels from the 
unpolluted area of Portonovo (Ancona, Northern Adriatic Sea) did not show seasonal 
variations in the GST activity of the digestive gland. Despite GPx activity has been 
found to be influenced by environmental parameters such as food availability or 
reproductive cycle (Borkovic et al., 2005), apart from the seasonal variability in the 
levels of pollutants (Lima et al., 2007), in the present study, GST and GPx activities in 
gills showed significant variability in the more polluted sampling sites (V1, P2 and P3) 
but not in the control site (V0). This finding may suggest that the seasonal variations in 
GST and GPx activities found here are not related to environmental factors such as food 
availability and reproductive cycle, but to variations in the concentrations of pollutants. 
On the other hand, CAT activity in the digestive gland showed significant seasonal 
variations both in the control site and in the polluted sites P3 and P4. Therefore, since 
variations were observed in the control site, the influence of several factors such as 
nutritive and reproductive status on the levels of CAT activity may be suggested. In 
agreement with our results, the influence on the response of CAT of endogenous and 
environmental factors has been previously described (Livingstone, 2001; Nesto et al., 
2004; Leiniö and Lehtonen, 2005; Bocchetti and Regoli, 2006). According to the results 
presented here, CAT activity in April 07 in all polluted sites was significantly higher 
than in the control site, indicating a response to the concentrations of pollutants rather 
than to environmental factors.  
In general, significant differences were observed for GST, GPx and CAT when 
comparing control and polluted sites. However, while GST presented a consistent 
pattern disregarding sampling date, reaching values in V1 and P3 that doubled the 
activities measured in the control site (V0), GPx and CAT only showed significantly 
higher activity in polluted sites occasionally. 
The results of the correlation analyses presented here indicate that the GST 
activity in mussels may be affected by organic (PAHs and organochlorinated 
compounds) and trace metal pollution. In particular, GST was found to be positively 
correlated with Cu (r2 = 0.76) content in mussel tissues. In agreement with our results, 
the influence of Cu in the levels of GST activity in wild mussels has been previously 
suggested (Funes et al., 2006). Moreover, Canesi et al. (1999) reported an increase of 
GST activity in the gills and digestive gland of mussels exposed in laboratory to 
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sublethal concentrations of Cu. Significant positive correlations were also found 
between GST activities in mussel gills and the concentrations of PAHs (r2 = 0.56), 
PCBs (r2 = 0.43) and DDT (r2 = 0.88) in mussel tissues, which has been previously 
observed for M. edulis and Perna viridis (Gowland et al., 2002; Cheung et al., 2002; 
Richardson et al., 2008). In this regard, GST has been found to play an important role in 
the conjugation of electrophilic compounds with glutathione, and these reactions are of 
vital importance in the detoxification of xenobiotics (Kaaya et al., 1999). Moreover, 
recent studies carried out with M. edulis showed that different GST isoforms may be 
induced as a function of the nature of pollutants, since GST isoforms may have different 
binding properties for different types of chemicals (Fitzpatrick and Sheehan, 1993; 
Fitzpatrick et al., 1997). In this line, it has been also suggested that GST activity may be 
a complement of the antioxidant defences in M. edulis. Therefore, the increase in GST 
activity in gills may play a protective role for gill tissues against oxidative stress when 
the activity of antioxidant enzyme is lowered (Power and Sheehan, 1996; Sheehan and 
Power, 1999). On the contrary, other studies have detected little or no response of GST 
to organic pollution (Porte et al., 2000). With respect to the GPx activity, Lima et al. 
(2007) reported significant correlations between the enzymatic activities of GPx in gills 
and PAHs levels in whole tissues of M. galloprovincialis. Nevertheless, Regoli (1998) 
reported that GPx activity did not show particular differences between a metal polluted 
site and an unpolluted site. In our work, no significant correlations were detected 
between GPx activity and contaminant levels measured in whole mussels. Also, 
although correlations between trace metals contents in mussels and CAT activity have 
been found in previous studies (Regoli, 1998), no significant correlations were detected 
in the present work. 
Multidimensional scaling (MDS) and cluster analyses are employed to explore 
multivariate set of data, and to obtain a global vision of the results in order to identify 
groups with similarities (Shin and Fong, 1999). In the present study, high 
correspondence was found between multivariate analysis based on chemical analyses 
and those performed with biomarkers data. Site V1, with independence of sampling 
periods, was discriminated in the configuration in correspondence with its high 
oxidative stress and high pollution whilst V0 and P4 were configured in groups 
according to its low oxidative stress and pollution. Therefore the combined use of a 
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battery of oxidative stress biomarkers (GST, GPx and CAT) allows the classification of 
sampling sites in groups in consistency with the analytical chemistry data.  
In conclusion, the results obtained in this work support the use of the GST activity 
measured in gills of M. galloprovincialis as a suitable biomarker for monitoring 
chemical pollution in highly productive marine coastal ecosystems. GST has not shown 
seasonal variations in the control site and consistently presented the highest values in 
the most polluted areas. Furthermore, GST activity showed positive correlations with 
environmentally relevant pollutants. GPx and CAT activities in contrast did not show 
such a consistent pattern, and future work is needed in order to identify the interference 
of seasonal factors on these enzymes to enable their use as reliable biomarkers. 
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2.3. Conclusions 
 
 
1. The levels of GST and GPx activity in gills of mussels from the reference site 
did not show significant seasonal variability. In contrast, CAT activity in the digestive 
gland of mussels from the reference site showed marked seasonal variability. 
2. GST showed remarkable variability related to the degree of chemical pollution 
in the selected experimental sites, with two-fold increased values in polluted compared 
to reference sites, whereas GPx and CAT only showed significantly increased activity in 
polluted sites occasionally.  
3. The minimum sample size recommended to detect significant differences among 
sites in the activities of these biomarkers, with a confidence level of α =0.05, ranges 
between 12 and 14 individuals. 
4. GST, GPx and AChE activities were higher in the gills than in the digestive 
gland of mussels, whereas CAT activity showed the opposite trend. 
5. Tidal height is an important factor to consider when determining GST and CAT 
activities in intertidal mussels, whilst GPx and AChE activities were unaffected. 
Mussels from the low intertidal level would be the most adequate for monitoring. 
6. The combined use of a battery of biomarkers (e.g. GST, GPx and CAT) allows, 
by using MDS, the classification of sampling sites in categories of environmental status 
in consistency with the analytical chemistry data. 
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CHAPTER 3. Biomarkers response to environmentally relevant 
pollutants 
 
Summary 
A large number of organic pollutants of environmental concern may be taken up, 
accumulated and cause damage to marine organisms. In this chapter we have selected 
four model compounds, to study their bioaccumulation and biomarker responses in 
mussels: the polybrominated diphenyl ether BDE-47, broadly used as flame retardant in 
many industrial applications, the alkyl-phenol 4-Nonylphenol (4-NP), common in 
detergents and domestic products, the polychlorinated biphenyl PCB-153, a persistent 
compound used in the past in electric devices and as an additive in paints and other 
products, and the four-ring polycyclic aromatic hydrocarbon pyrene (Pyr), formed 
during incomplete combustion of organic matter. The kinetics of uptake, depuration and 
the dose-response bioaccumulation in Mytilus galloprovincialis was studied for the four 
compounds. In addition, their effects on a suite of molecular biomarkers, including the 
antioxidant enzyme: glutathione peroxidase (GPx), the Phase II detoxification enzyme: 
glutathione S-transferase (GST), and the neurotransmitter catabolism enzyme 
acetylcholinesterase (AChE), was investigated. Also, a phase I biotransformation 
enzyme, the benzo[a]pyrene hydroxylase (BPH), was incorporated in pyrene 
experiments. The enzymatic activities were recorded according to standard methods in 
samples obtained following the general procedures developed in Chapter 2 for those 
aspects concerning biological material, replication, exposure conditions and sampling 
design. 
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Hypothesis 
1. M. galloprovincialis mussels accumulate and eliminate the model contaminants 
BDE-47, 4-NP, PCB-153 and Pyrene, according to a first order kinetics model from 
which the BCF for each substance can be estimated. 
2. The activities of the biomarkers GPx, GST, AChE and, in the case of Pyrene, 
BPH, will be significantly altered by exposure of mussels to sublethal concentrations of 
the model contaminants, once exposure duration exceeds a minimum threshold.  
3. For AChE, the activity will monotonically decrease (inhibition) as concentration 
increases. For GPx and GST the activity will increase (induction) at low exposure 
concentrations, but further increases will inhibit the enzymatic activity producing a bell-
shaped pattern of response. 
 
Objectives 
1. To estimate the BCF and depuration rate constant of mussels for each selected 
model contaminant, BDE-47, 4-NP, PCB-153 and Pyrene. 
2. To describe the time dependent and, except for BPH, dose-dependent patterns of 
response of a battery of enzymatic biomarkers (GPx, GST, AChE and BPH) to short-
term/subchronic exposure to sublethal concentrations of the selected model 
contaminants. 
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3.1. Bioaccumulation of BDE-47 and effects on molecular biomarkers 
acetylcholinesterase, glutathione-S-transferase and glutathione 
peroxidase in the mussel Mytilus galloprovincialis 
 
 
3.1.1. Introduction 
Brominated flame retardants (BFRs) are a heterogeneous group of chemical 
substances whose common points are that they all contain bromine and are used to 
retard the combustibility and reduce flammability in electronic equipment, plastics, 
textiles, and building materials (Alaee and Wenning, 2002; Prevedouros et al., 2004). 
About 80 different types of BFRs are used commercially, but since the 1970s the most 
common are the polybrominated diphenyl ethers (PBDEs), which have drawn much 
attention because of its persistence in the environment (De Wit, 2002). Similarly to 
polychlorinated biphenyls (PCBs), PBDEs comprise 209 structurally related congeners, 
but only a few of them: penta-, octa-, and deca-BDEs, are used in commercial mixtures 
(Lema et al., 2007; Parolini and Binelli, 2012). 
Due to their high persistence, high potential for bioaccumulation, and toxicity to 
both humans and wildlife, PBDE release was recently regulated in many countries 
(Wolkers et al., 2004; Parolini et al., 2012). In fact, in 2009 the Stockholm Convention 
on Persistent Organic Pollutants recognised several PBDEs (tetraBDE, pentaBDE, 
hexaBDE, heptaBDE, octaBDE) as posing serious risk to human health and to the 
environment, and were targeted for elimination under this global treaty 
(http://chm.pops.int). In this context, nine PBDE congeners (BDE-28, BDE-47, BDE-
66, BDE-85, BDE-99, BDE-100, BDE-153, BDE-154 and BDE-183) were selected, on 
the basis of their toxicity and occurrence in the environment, to be determined routinely 
as part of the OSPAR Commission Coordinated Environmental Monitoring Program 
(CEMP) (http://www.ospar.org). Despite these regulations, PBDEs are nowadays 
commonly found in marine organisms at concentrations ranging from a few ng g-1 up to 
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tens of µg g-1, depending on the species and sampling site (Parolini and Binelli, 2012). 
For instance, PBDE concentrations in Mytilus galloprovincialis mussels collected along 
the North Atlantic Spanish coast, represented as the sum of nine individual congeners, 
ranged between 0.052 and 0.741 µg kg-1 wet weight (ww), with a mean value of 0.229 
µg kg-1 ww, and with the highest PBDE levels generally found in proximities of cities 
(Bellas et al., 2014). Other studies conducted with different species of marine mussels 
reported concentrations within the same range (e.g. Christensen and Platz, 2001; 
Johansson et al., 2006; Gama et al., 2006; De Wit et al., 2006). The BDE-47 followed 
by BDE-99 are the dominant congeners in most profiles for different environmental 
matrices, including marine samples (Bellas et al., 2014; Gama et al., 2006; Johansson et 
al., 2006). However, despite the widespread distribution of PBDEs in the marine 
environment, there is still insufficient information about the risk they pose in those 
ecosystems. 
Mussels are widely distributed, sessile filter-feeding organisms, which may be 
exposed to large amounts of chemical pollutants, and are capable of accumulating and 
tolerating high concentrations of many organic and inorganic pollutants in their tissues 
(Livingstone, 1991). However, not many works have been published about the effects of 
PBDEs on these organisms. Aarab et al. (2006) demonstrated that BDE-47 induced 
serious perturbations in mussel (Mytilus edulis) gonad development. Other study by 
Barsiene et al. (2006) has shown the induction of micronuclei in blue mussel gills and 
elevated levels of other nuclear abnormalities after exposure to BDE-47. 
In the present work, we investigated the effects of 2,2’,4,4’- tetrabromodiphenyl 
ether (BDE-47) on a suite of molecular biomarkers in M. galloprovincialis, including an 
antioxidant enzyme: glutathione peroxidase (GPx), a phase II detoxification enzyme: 
glutathione S-transferase (GST), and the neurotransmitter catabolism enzyme 
acetylcholinesterase (AChE). GPx protects cells against the deleterious effects of 
oxyradical generation by maintaining endogenous reactive oxygen species at relatively 
low levels, and attenuating the damages related to their high reactivity (Livingstone, 
1990). GPx catalyzes the reduction of H2O2 originated from the dismutation of 
superoxide radical by the superoxide dismutase (SOD) activity into water or the 
reduction of organic peroxides to their corresponding stable alcohols by oxidizing the 
reduced glutathione (GSH) into its oxidized form (GSSG). An increased GPx activity 
has been reported in marine invertebrate species in response to low intracellular H2O2 
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concentrations (Orbea and Cajaraville, 2006). Parolini et al. (2012) demonstrated that 
antioxidant enzymes such as glutathione peroxidase (GPx) and superoxide dismutase 
(SOD) were significantly induced, while catalase (CAT) and glutathione S-transferase 
(GST) were depressed with respect to the baseline levels in zebra mussel (Dreissena 
polymorpha) exposed to BDE-154. The present study tests the effects of BDE-47 
exposure on GPx activity of the marine mussel M. galloprovincialis. 
GST are Phase II detoxification enzymes involved in the conjugation and 
detoxification of organic compounds, which also play a protective role against oxidative 
stress by catalysing a selenium-independent glutathione peroxidase activity (Prohaska, 
1980; reviewed by Sheehan et al., 2001). GST activity has been widely used as a 
biomarker of exposure to trace metals, PAHs, PCBs and dioxins both in fish and 
invertebrates (e.g. Fitzpatrick et al., 1997; Van der Oost et al. 2003; Funes et al., 2006), 
and has been recently identified as a suitable biomarker for monitoring chemical 
pollution in highly productive marine coastal ecosystems (Vidal-Liñán et al., 2010). We 
investigate here whether BDE-47 also induces the activity of the biotransformation 
enzyme GST or it is not metabolised and accumulates in mussel tissues. 
AChE is an essential enzyme in the transmission of the nerve impulse frequently 
used in marine pollution monitoring (e.g. Bocquene and Galgani, 1990; Tsangaris et al., 
2010) because it has long been considered as a specific biomarker for organophosphate 
and carbamate insecticides (Galgani and Bocquené, 1989; Escartín and Porte, 1997), 
However, recent studies have shown that other types of pollutants, such as heavy 
metals, surfactants, PAHs and microplastics, may also unselectively inhibit AChE 
activity (Guilhermino et al., 1998; Akcha et al., 2000; Regoli and Principato, 1995; 
Grintzalis et al., 2012; Oliveira et al., 2013). Therefore, we have investigated the effect 
of BDE-47 on AChE in order to test whether it is also affected by this chemical. 
Another aim of the present work was to determinate the potential bioaccumulation 
and its kinetic parameters of waterborne BDE-47 in exposed mussels. 
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3.1.2. Materials and Methods 
3.1.2.1 Experimental procedure 
Mussels between 40 and 45 mm long were collected from a pristine area from the 
outer part of Ria de Vigo (NW Iberian coast), and acclimated to incubation conditions 
in the laboratory for one week prior to experiments. Exposure was made in 30 L glass 
tanks with 20 mussels per tank, at constant temperature (15 ºC), in darkness, using 1 µm 
filtered seawater (FSW) with oceanic characteristics. Exposure tanks were continuously 
aerated with 0.22 µm filtered air, and were allowed to equilibrate for 1 h, before 
introducing the mussels. Water was renewed three times per week after feeding mussels 
for 1 h with a mixed diet of Isochrysis galbana, Tetraselmis suecica and Chaetoceros 
gracilis. Every day with no water renewal toxicant was added to maintain nominal 
concentrations assuming an exponential decay. 
A primary stock solution of 2,2’,4,4’-tetrabromodiphenyl ether (BDE-47), 98% 
purity from Chem Service (West Chester, Pensilvania), was prepared by dissolving the 
product in dimethylsulphoxide (DMSO) to a nominal concentration of 80 mg L-1. Fresh 
stock solutions were prepared every 7 days, and stored at 5 ºC in the dark when not in 
use. Exposure BDE-47 concentrations in all experiments were always selected below 
the water solubility limit for this chemical. 
Water samples intended for chemical analysis were taken at 0 h to check the 
initial concentration and at 24 and 96 h before water renewal to monitor the 
concentration of BDE-47 in the exposure media. 
3.1.2.2 Kinetics experiment 
To evaluate the kinetics of accumulation and effects of BDE-47 on the biomarkers 
after different exposure times, over 450 mussels were exposed for 30 d to experimental 
solutions containing 8 µg L-1 of BDE-47, followed by a 10 d depuration period. 
Samples of mussels were taken for biochemical and chemical analyses after 0, 2, 5, 9, 
15, 20 and 30 d exposure, and after 10 d of depuration. 
3.1.2.3 Concentration-response experiment 
To study the concentration-response relationship between BDE-47 exposure and 
the biomarker responses, over 240 mussels were exposed for 30 d to experimental 
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solutions containing 2, 4, 8 and 15 µg L-1 of BDE-47. After 0, 7 and 30 d exposure, 
samples were taken for biochemical and chemical analyses.  
In both experiments seawater control, DMSO control and BDE-47 treatment 
groups were processed at the same time. DMSO control and BDE-47 treatment tanks 
contained < 0.1% DMSO (v/v) which was constant in all treatments for a given 
experiment.  
Thirty individuals from each experimental group were taken at every sampling 
time. Gills from 24 mussels were dissected out and processed for subsequent biomarker 
analysis. Studied end-points included AChE, GST and GPx activities in the gills. The 
remaining 6 individuals from each treatment were used for chemical analyses. 
3.1.2.4 Chemical analyses in water and mussels 
Water samples intended for BDE-47 analysis were extracted with hexane, dried 
over sodium sulphate, and concentrated in a vacuum evaporator (Büchi Rotavapor R-
200).  
Mussels intended for chemical analysis were placed in clean artificial seawater for 
5 min and then washed with ultrapure water to remove the exposure media and the 
weakly adsorbed toxicant from the mussel cavity. Subsequently, one pool tissues from 6 
mussels were kept at -20 ºC until analysis. The analytical method followed for the 
analysis of mussels (Covaci et al., 2003) is based on a Soxhlet extraction using a solvent 
mixture of n-hexane:dichloromethane (1:1) for 8 h. For each extraction, homogenised 
tissue (1 g) was mixed with sodium sulphate and spiked with appropriate recovery 
standard (BDE-77). Mussel samples were stored overnight in a desiccator before 
extraction. Lipids were removed from the extract using a chromatography column on 
6% deactivated alumina, n-hexane being the eluent, and fractionated on activated silica 
gel column with iso-octane as the eluent.  
The concentration and composition of the congeners of PBDEs were determined 
by GC-MS using an Agilent gas chromatograph 6890N equipped with an electronically 
controlled split/splitless injection port, coupled to an Agilent 5973N mass selective 
detector operated in negative chemical ionization (NCI) mode. A concentrated extract (2 
µL) was injected onto a CPSil8 CB (30 m x 250 µm i.d. x 0.25 µm film thickness) 
capillary column. The carrier gas was helium set at a constant flow 1 ml min-1. The 
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injection was made in pulsed splitless mode (pulse 58 psi, purge 1.5 min). The injector 
temperature was 275 ºC and the oven temperature program was as follows: 90 ºC held 
for 3 min, ramped to 210 ºC at 30 ºC min-1, held for 20 min, ramped to 290 ºC at 5 ºC 
min-1, held for 17 min and to 310 ºC at 35 ºC min-1 and held for 5 min.  
The monitored ions (m/z) were 79, 81, 159 and 161 for all congeners. For the 
internal standard (octachloronaphtalene) the ion (m/z) was 403.80. Methane was used as 
reagent gas. The MS transfer line temperature was held at 290 ºC, the MS source and 
quadrupole temperatures were 200 ºC and 106 ºC respectively. 
Quality assurance and quality control was performed through the analysis of 
procedural blanks and a duplicate sample for each batch of 10 samples. All the steps 
were performed under a quality assurance system that was checked periodically by 
participation in interlaboratory exercises (Wells and Cofino, 1997). In addition, all the 
analyses were standardised and followed a strict quality control system, which 
guaranteed accuracy. The quality of the chemical analyses was controlled internally by 
analysing Certified Reference Materials (BDE-COC (Mixture of Commonly Occurring 
PBDE Congeners for Precision and Recovery) and BDE-AAP-A (Mixture of PBDEs 
Standard Solution for Accuracy & Precision from AccuStandard) along with each batch 
of samples, and externally, by participation in intercalibration exercises promoted by 
international institutions as the QUASIMEME Laboratory Performance Studies from 
1996 to date (QUASIMEME, 2004). In QUASIMEME, a Z-score is calculated for each 
participant’s data for each matrix/determinand combination which is given an assigned 
value. This assessment method is being used as an ISO/IUPAC standard. The |Z| values 
reported by the QUASIMEME Project Office were between -2 and 2, indicating 
satisfactory results. 
3.1.2.5 Bioaccumulation model 
Bioaccumulation was modelled assuming first-order kinetics and constant BDE-
47 concentration in water according to the expression (Landrum et al. 1992):  
       Equation 3.1.1 
Where Ca (t) is the concentration (μg Kg-1) accumulated in mussels at time t, Cw 
is the water concentration of BDE-47 (μg L-1), Ku is the uptake rate coefficient (L Kg-1 
( ) ( )1 dK tw ua
d
C KC t e
K
−= −
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day-1), Kd is the depuration rate coefficient (day-1) and t is the time (days). Ku and Kd 
were estimated by least square fits of the accumulation data to equation 3.1.1 model. 
The bioconcentration factor (BCF) is usually calculated as the ratio of the uptake 
rate coefficient to the depuration rate coefficient (BCF = Ku / Kd) (L Kg-1). The 
equation 3.1.1 can be reparametrised to obtain directly the confidence intervals of BCF: 
( ) ( )1 dK ta wC t C BCF e−= −         Equation 3.1.2 
3.1.2.6 Biomarker analyses 
GST and GPx were analysed in the gills, which were homogenized with an Ultra-
Turrax, at 1:2 w/v ratio, in 0.05 M potassium-phosphate buffer at pH 7.5 containing 2 
mM EDTA. Samples were centrifuged at 15.000 × g for 15 minutes at 4-7 ºC. For the 
analysis of AChE activity, the gills were weighed and homogenized with a Potter glass 
homogenizer at a 1:2 w/v ratio, in 0.02 M phosphate buffer at pH 7.0 with 0.1% Triton 
X-100 and centrifuged at 10.000 × g for 10 minutes at 4 ºC. Aliquots of the supernatant 
were utilized for the spectrophotometric determination of activity of the enzymes GST, 
GPx and AChE with an absorbance microplate reader (Biotek ELx 808) at a constant 
temperature of 20 ºC. 
GST activities were evaluated, according to Habig et al. (1974), using 1-chloro-
2,4-dinitrobenzene (CDNB) as substrate. The measurement was carried out at 340 nm 
(extinction coefficient, ε= 9.6 mM-1cm-1) in 0.1 M potassium-phosphate buffer at pH 
6.5, 60 mM CDNB and 10 mM GSH. 
GPx activity was measured in a coupled enzyme system where NADPH is 
consumed by glutathione reductase to convert the formed oxidized glutathione form 
(GSSG) to its reduced form (GSH), according to Halliwell and Gutteridge (1999). The 
decrease of absorbance was monitored at 340 nm (ε= 5.598 mM־1cm־1) in 0.1 M 
potassium-phosphate buffer at pH 6.5, 10 mM sodium azide (NaN3), 40 mM GSH, 20 
unit ml-1 glutathione reductase, 2.4 mM NADPH and 2 mM hydrogen peroxide as 
substrate. 
AChE activity was spectrophotometrically determined, as described in Bocquené 
and Galgani (1998), by measuring the increase in absorbance of the sample at 412 nm in 
the presence of 2.6 mM acetylthiocholine as substrate and 0.5 mM 5,5´- dithiobis-2-
dinitrobenzoic acid. 
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Protein concentrations in the supernatants were measured according to Lowry et 
al. (1951) by using bovine serum albumin as standard. All the enzymatic activities are 
expressed as nmol min-1 mg-1 of protein. 
3.1.2.7 Statistical analyses 
Data normality and homoscedasticity were verified using Shapiro-Wilk and 
Levene´s tests, respectively. Differences among the means of the enzymatic activities in 
seawater control and DMSO control were analyzed by the Student's t-test. Once it was 
verified that there were no significant differences, DMSO control was used as reference. 
Two-way analysis of variance (ANOVA) was performed to investigate possible time-
effect and concentration-effect relationships using time and BDE-47 concentrations as 
variables. Bonferroni post-hoc test was used to evaluate significant differences (p<0.05) 
between treated samples and related controls (time to time), as well as among exposure 
levels. The tests were performed using the SPSS statistical package version 15.0 and 
GraphPad Prism software version 4.01. 
 
3.1.3. Results 
3.1.3.1 Mussel bioaccumulation 
Analysis of water samples revealed that initial BDE-47 concentrations in the 
dose-response experiments were 48-97% of the nominal concentrations, but a rapid 
decrease was observed after 24 h. The same decrease took place again from 24 h to 48 h 
after spiking nominal concentration at 24 h (Table 3.1.1). Therefore, actual measured 
BDE-47 concentrations in the water were used for calculating the BCF. 
 
Table 3.1.1. Nominal and measured tetrabromo diphenyl ether (BDE-47) 
concentrations in the exposure water. After 24 h exposure, samples were 
taken for analysis and water was spiked again with the nominal BDE-47 
concentrations. 
Nominal concentration 
(µg L-1) 
Measured concentration (µg L-1) 
t0 t24 t48 
2 1.575 0.152 0.13 
4 2.938 0.286 0.225 
8 3.826 0.311 0.139 
15 14.576 1.024 0.852 
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BDE-47 concentrations in mussel tissues measured before exposure were 0.018 
µg Kg-1 ww. Those concentrations are equivalent to the background levels found in the 
NW Iberian coast (Bellas et al., 2014). After only 48 h of exposure, BDE-47 
concentration was 8960 µg Kg-1 ww in mussels exposed to 8 µg L-1. BDE-47 uptake 
was approximately linear with time up to 20 days of exposure, but saturation was 
observed further on up to day 30 (Figure 3.1.1). Kinetics of bioaccumulation was 
accurately described by equation 3.1.1), and parameters were statistically significant. 
High adjusted R2 (0.946) and consistency of the model (p<0.001) were obtained. A high 
bioconcentration factor (BCF) was observed (10900 ± 4100 L Kg-1), with an uptake rate 
coefficient (Ku) of 875 ± 437 L Kg-1 day-1. The model predicted a low excretion rate 
constant (0.081 ±0.067 day-1), and this was confirmed by the depuration experiment. 
After 10 d of exposure in clean seawater the reduction in BDE-47 in the mussels was 
only 23.89%. 
 
 
Figure 3.1.1. Concentration of tetrabromo diphenyl ether in mussels (Mytilus galloprovincialis) 
exposed for 30 days to 8 µg/L and placed in clean seawater for 10 further days. (Adjusted R2 = 
0.946). 
 
The dose response experiments also showed a very rapid BDE-47 uptake (Table 
3.1.2), and at the end of the 30 d exposure BDE-47 concentrations were 52.6, 48.7, 37.2 
and 144.3 mg kg-1 ww, in mussels exposed to 2, 4, 8 and 15 µg L-1, respectively. 
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However, the strong decrease in dissolved BDE-47 that took place after 24 h caused 
actual BDE-47 concentrations very similar in the three lower treatments (see Table 
3.1.1). This explains the lack of dose-response pattern in the BDE-47 accumulated in 
mussels. 
 
Table 3.1.2. Nominal tetrabromo diphenyl ether (BDE-47) concentration in water and BDE-47 
concentrations measured in mussels exposed for 7 and 30 days. 
Nominal concentration in water 
(µg L-1) 
Measured concentration in mussel (µg Kg-1 ww) 
t7 t30 
2 6958.179 52607.993 
4 17460.212 48744.573 
8 n.m 37248.186 
15 75688.794 144267.721 
 
3.1.3.4 Biomarker analyses 
Figure 2 shows AChE, GST and GPx activities in gills of mussels exposed to a 
nominal concentration of 8 µg L-1 of BDE-47 for 30 d. AChE baseline levels are 
comparable with those obtained in Vidal-Liñán & Bellas (2013). Significant inhibition 
of AChE activity was observed at 2, 9, 20 and 30 days (Figure 3.1.2). After 10 days of 
depuration, the enzyme activity increased 2 times its value, observing a recovery to pre-
exposure levels. 
GST baseline levels are comparable with those obtained in wild mussels (Mytilus 
galloprovincialis) located in highly productive ecosystems (Vidal-Liñán et al., 2010). 
Exposed animals showed significantly lower GST activity than the corresponding 
DMSO controls after 20 and 30 days (Figure 3.1.2). In this case, after 10 days of 
depuration, GST activity levels remained low, but the same pattern was observed in the 
control and no significant differences were observed between exposed and unexposed 
animals after recovery. 
In the case of the GPx activity in gills, background values obtained were similar 
to those obtained in Vidal-Liñán et al. (2010). GPx activity in BDE-exposed mussels 
was significantly lower than DMSO controls after 20 and 30 d exposure, but recovered 
up to values not significantly different to control after the 10 d depuration period 
(Figure 2).  
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Figure 3 shows AChE, GST and GPx activities in gills of mussels exposed to 2, 4, 
8 and 15 µg L-1 of BDE-47 for 7 and 30 d. Both AChE and GST showed a significant 
inhibition at all concentrations tested only after 30 d exposure (see Figure 3). In 
contrast, GPx response was more dose-dependent. At low exposure levels (2 µg L-1), 
GPx activity was significantly induced after 7 d exposure, going back to control levels 
after 30 days. However, animals exposed to medium and high concentrations (4 and 15 
µg L-1) showed an initial GPx significant inhibition followed by a significant increase of 
activity in the long term (30 days). 
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Figure 3.1.2. AChE (A), GST (B) and GPx (C) 
activities in gills of mussels exposed to 8µg/L of 
BDE-47 during 30 days and after 10 days depuration 
in clean seawater. Open and close symbols represent 
DMSO control and treatment, respectively. Triangle 
symbol represents baseline activity. Values show 
mean ± standard deviation (n=12). Asterisks indicate 
significant differences with respect to DMSO control 
(Bonferroni test; * p<0.05; ** p<0.01; *** p<0.001). 
Figure 3.1.3. AChE (A), GST (B) and GPx (C) 
activities in gills of mussels exposed to 0 (DMSO 
control), 2, 4, 8 and 15µg/L of BDE-47 during 7 and 
30 days. Open and close symbols represent 
treatments at 7d and 30 d, respectively. Values show 
mean ± standard deviation (n=12). Asterisks indicate 
significant differences with respect to DMSO control 
(Bonferroni test; * p<0.05; ** p<0.01; *** p<0.001). 
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3.1.4. Discussion 
3.1.4.1 Bioaccumulation 
European regulations (REACH) classify as Very Persistent and Very 
Bioaccumulative (vPvB) substances those with a half-life in marine, fresh or estuarine 
water higher than 60 days, and a bioconcentration factor greater than 5000 L Kg-1 (E.C., 
2008).  
In our study, the calculated BCF for BDE-47 in M. galloprovincialis was 10900 L 
Kg-1 (ww), confirming the high tendency of this compound to accumulate in biota. 
Furthermore, a previous study from Gustafsson et al. (1999) using the same species, 
found a BCF for BDE-47 of 26000 L Kg-1 (ww). However, these authors used a 
different methodology and mussels were fed during the exposure. Since BDE-47 shows 
a high affinity for particulate organic matter (Koc = 5.74+E04 L Kg-1) (estimated by 
EPI Suite software of Environmental Protection Agency United States), most BDE-47 
could have been taken up by the mussels via food, which would explain the higher BCF 
values found in that study. Mhadhbi (2012) reported a BDE-47 BCF in turbot of 24000 
L Kg-1 (ww), in the same order of magnitude that those reported for mussels.  
In the exposure phase of the kinetics experiment we have found an almost linear 
uptake of BDE-47 with time and very limited ability of excretion, as indicated by the 
low Kd value (0.081 day-1). The same feature has been previously found in mussels by 
Gustafsson et al. (1999) (Kd= 0.09 d-1) and in turbot by Mhadhbi (2012) (Kd ranging 
from 0.006 to 0.02 d-1). In fact, Gustafsson et al. (1999) found a better fit of 
bioaccumulation data to a straight line (r2=0.996) than to an asymptotic model (r2=0.80), 
and that was also the case of the turbot experiments from Mhadhbi (2012). According to 
the first order bioaccumulation model, dCt/dt = Cw × Ku – Ct × Ke, a linear uptake 
would indicate that dCt/dt=Cw × Ku=constant, which is consistent with Kd values close 
to zero.  
The behaviour of BDE-47 in solution is not stable, as demonstrated by the 
analysis of water samples (see Table 3.1.1), which shows a rapid decrease with time. 
After 24 h the BDE-47 concentration in water falls to approximately 10% of initial 
values. This decrease cannot be explained by the uptake of mussels which, considering 
 
91 
Chapter 3. Biomarkers response to environmentally relevant pollutants 
 
the mussel biomass per aquarium, aquarium volume, and measured BDE uptake, should 
account approximately for a 30-40% reduction in the water concentration in 24 h. 
Exposures were conducted in glass aquariums in the dark. However analytical 
measurements detected a rapid decrease in BDE-47 concentrations in the exposure 
water. Under these conditions one of the assumptions of the asymptotic model normally 
used for BCF calculations, namely constant water concentration, is not fulfilled. 
Therefore the BCF values calculated using the asymptotic model are underestimated, 
and actual values would be higher should water concentrations be actually constant. 
3.1.4.2 Molecular biomarkers 
As far as we know, this study is the first one to report the effects of BDE-47 on 
the GST, GPx and AChE activities in marine mussels, M. galloprovincialis. In this 
work, we demonstrate by first time neurotoxic effects of BDE-47 on mussels. AChE 
activity presented significant inhibition at all concentrations tested after 30 d exposure, 
and after 2, 9 and 20 d exposure in the kinetics experiment. Nevertheless, this inhibition 
was reversible, and this enzyme recovered the pre-exposure levels after the 10 d 
depuration period (see Figure 2). McHenery et al., (1997) also showed that mussel gill 
AChE activity can recover to almost pre-exposure levels after a first exposure of 
dichlorvos, though the degree of recovery is not as great after a second exposure. Recent 
studies have addressed the effects of PBDEs on AChE activity in other aquatic 
organisms. Chen et al. (2012) observed that this enzyme activity was significantly 
inhibited in larvae derived from the adult zebrafish (Danio rerio) exposed to 0.16 µg L-
1, 0.8 µg L-1 and 4 µg L-1, compared with controls. In other study with the Artic spider 
crab (Minier et al., 2008), muscle AChE activity was significantly inhibited in 
individuals exposed to 5 µg L-1 during 3 weeks. On the contrary, Key et al. (2009) 
observed that AChE activity from the estuarine fish, Fundulus heteroclitus, showed 
values significantly higher than controls in the lowest concentration of 0.0125 mg L-1. 
In the present work, GST activity exhibited values significantly lower than control 
at all concentrations tested after 30 d exposure and after 20 d exposure to 8 µg L-1. 
Therefore our results do not support a role of GST in BDE-47 detoxification by 
mussels. The decrease in GST activity may suggest a failure in detoxification and 
occurrence of oxidative stress in the cells (Santos et al., 2004). For instance, Zhao et al. 
(2011) indicate that the inhibition of GST activity in Carassius auratus when exposed 
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to BDE-47 possibly results from the combination of reactive oxygen free radical and of 
electrophilic Br
-
 with the GST active centre, leading to the disorder of its oxidation 
resistance and further to the toxic reaction of GST. Ji et al. (2013) observed that one 
protein of sigma class glutathione S-transferase 2 was significantly down-regulated in 
mussel gills exposed to 10 µg L-1 of BDE-47, which was related to the reduction of 
reactive oxygen species (ROS) production. In accordance with our results, Parolini et al. 
(2012) observed lower GST activity in freshwater mussels, Dreissena polymorpha, after 
only 24 h of exposure to 0.1, 0.5 and 1 µg L-1 BDE-154. Other laboratory studies with 
fish have proved that GST enzyme is not involved in PBDE debromination (Roberts et 
al., 2011; Browne et al., 2009). Therefore, we have hypothesized that such inhibition or 
lack of induction may be partially dependent upon the altered detoxification capabilities 
of this enzyme in the presence of BDE-47. 
Unlike AChE and GST, the pattern of GPx activity in the control mussels was not 
time independent and showed marked variations at different recording times. 
Background GPx activity ranged from 4 to 8 nmol min-1 mg-1 prot, a 100% variation, 
much wider than that for the other two biomarkers studied. In addition, when GPx 
activities in mussels exposed to nominal concentrations of 8 µg L-1 BDE-47 were 
compared to the corresponding controls at the same exposure times, significantly lower 
values were found at 20 and 30 d. However this was due to increased GPx activity in 
the DMSO controls at those exposure times, rather than to a decrease in GPx in the 
exposed mussels, which showed levels similar to the background recorded in pre-
exposed individuals (see Figure 3.1.2). In contrast, when exposed to 2 µg L-1 BDE-47 
for 7 d, or to 4 µg L-1 for 30 d, GPx activity was significantly induced. This might be 
explained considering the theoretical bell-shaped pattern of response in inducible 
biomarkers that are inhibited at high doses, but this is not consistent with the significant 
induction found at the highest concentration tested after 30 d exposure (see Figure 
3.1.3). Parolini et al., (2012) also found a time-dependent pattern of GPx response in 
zebra mussels exposed to low concentrations of BDE-154. This inconsistent and time-
dependent pattern of response does not support the use of GPx as a biomarker of PBDE 
exposure in mussels. 
In conclusion, this study confirmed that BDE-47 tend to accumulate in biota due 
to their low capacity for elimination which suggest that M. galloprovincialis mussels 
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have a limited capability for the biotransformation of this compound. This study also 
validated the use of AChE and GST activities in exposed mussels as biological tools for 
determine the potential impact of BDE-47. AChE was the biomarker that yielded the 
highest sensitivity to this compound, proving for first time the existence of neurotoxic 
effects in mussels due to the exposure to BDE-47. The toxic effect of BDE-47 was also 
revealed by the inhibition of the GST at long exposure times and by the increased 
oxidative stress suggested by the induction of GPx at low concentrations. 
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3.2 Bioaccumulation of PCB-153 and effects on molecular 
biomarkers acetylcholinesterase, glutathione-S-transferase and 
glutathione peroxidase in Mytilus galloprovincialis mussels 
 
 
3.2.1. Introduction 
Polychlorinated biphenyls (PCBs) constitute a group of persistent organic 
pollutants detected in every environmental compartment throughout the world 
(Erickson, 1997; Breivik et al., 2002; Rigét et al., 2010), which tend to accumulate in 
biological tissues and to biomagnify in the food chain, as first suggested by Jensen 
(1966), attaining peak concentrations in lipid-rich predatory organisms occupying upper 
trophic levels. PCBs are also known to cause a wide range of toxic effects in animals 
and humans, which include behavioural alterations, changes in the immune system, 
endocrine disruption, impaired reproduction, neurotoxicity, teratogenesis and 
carcinogenesis (Safe, 1984). The environmental consequences derived from their 
persistence and high toxicity, prompted legislation which has banned their production 
and mandate their safe disposal (Erickson, 1997; Warmuth and Ohno, 2013). However, 
a slow decrease or even stable concentrations have been registered over the past two 
decades, and PCBs still remain a focus of environmental concern (e.g. Diamond et al., 
2010; Gentleman, 2010; Bellas et al., 2011). 
Mussels have been successfully used as indicator organisms for marine pollution 
monitoring world-wide because of their abundance, wide geographic distribution, 
sessile character, long life span and high filtration rates (e.g. Farrington et al., 1983; 
Widdows and Donkin, 1992; Rainbow and Phillips, 1993; Sericano et al., 1995; Chase 
et al., 2001). However, marine pollution monitoring currently relies not only on the 
chemical analysis of pollutants, but also on the study of their biological effects, 
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including the use of molecular biomarkers (ICES, 2011) of exposure (e.g. GST, GPx) 
and effect (e.g. AChE).  
GPx protects cells against the deleterious effects of oxyradical generation by 
maintaining endogenous reactive oxygen species at relatively low levels, and 
attenuating the damages related to their high reactivity (Livingstone, 1990). This 
enzyme catalyzes the reduction of hydrogen peroxide into water or organic peroxides to 
their corresponding stable alcohols by oxidizing the reduced glutathione (GSH) into its 
oxidized form (GSSG). 
GST are Phase II detoxification enzymes involved in the conjugation and 
detoxification of organic compounds, which also play a protective role against oxidative 
stress by catalysing a selenium-independent glutathione peroxidase activity (Prohaska, 
1980; reviewed by Sheehan et al., 2001). GST activity has been widely used as a 
biomarker of exposure to PAHs, PCBs and trace metals both in fish and invertebrates 
(Fitzpatrick et al., 1997; Funes et al., 2006), and has been recently identified as a 
suitable biomarker for monitoring chemical pollution in highly productive marine 
coastal ecosystems (Vidal-Liñán et al., 2010). 
Acetylcholinesterase (AChE) is an essential enzyme in the transmission of the 
nerve impulse that degrades acetylcholine to choline and acetic acid in the synaptic gap 
of cholinergic synapses and neuromuscular junctions. AChE activity is unselectively 
inhibited by metals, and selectively inhibited by organophosphate and carbamate 
pesticides, leading to severe physiological impairment in marine organisms (Rickwood 
and Galloway, 2004; Tsangaris et al., 2010). Thus, the inhibition of AChE activity in 
mussels has been frequently used as a biomarker of chemical pollution by metals and 
pesticides (e.g. Bocquene and Galgani, 1990). 
The hexachlorinated congener PCB-153 is usually the predominant compound in 
PCBs congener profiles in wild mussel populations, with contributions of 38–50%, 
reflecting the past use of PCBs commercial mixtures, the differential persistence in the 
environment for more lipophilic compounds and the biotransformation processes within 
the organism, resulting in lower excretion of higher chlorinated PCBs, which tend to 
accumulate n their tissues (Bellas et al, 2011). Therefore, the aim of the present work 
was to study the bioaccumulation of PCB-153 in mussels (Mytilus galloprovincialis) 
and the effects on the antioxidant enzyme: glutathione peroxidase (GPx); the phase II 
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detoxification enzyme: glutathione S-transferase (GST), and the neurotransmitter 
catabolism enzyme: acetylcholinesterase (AChE). 
 
3.2.2. Materials and Methods 
3.2.2.1. Experimental procedure 
Mussels between 40 and 45 mm long were collected from a pristine area from the 
outer part of Ria de Vigo (NW Iberian coast), and acclimated to incubation conditions in 
the laboratory for one week prior to experiments. Exposure was made in 30 L glass 
tanks with 20 mussels per tank, at constant temperature (15 ºC), in darkness, using 1 µm 
filtered seawater (FSW) with oceanic characteristics. Exposure tanks were continuously 
aerated with 0.22 µm filtered air, and were allowed to equilibrate for 1 h, before 
introducing the mussels. Water was renewed three times per week after feeding mussels 
for 1 h with a mixed diet of Isochrysis galbana, Tetraselmis suecica and Chaetoceros 
gracilis. Every day with no water renewal toxicant was added to maintain nominal 
concentrations assuming an exponential decay. 
A primary stock solution of 2, 2’, 4, 4’, 5, 5’-hexachlorobiphenyl (PCB-153), 98% 
purity from Fluka (analytical standard), was prepared by dissolving the product in 
dimethylsulphoxide (DMSO) to a nominal concentration of 6 mg L-1. Fresh stock 
solutions were prepared every 7 days, and stored at 5 ºC in the dark when not in use. 
Water samples were taken at 0 h to check the initial concentration and at 24, 96 
and 120 h before water renewal to monitor the concentration of PCB-153 in the 
exposure media. 
3.2.2.2. Kinetics experiment 
To evaluate the kinetics of accumulation and effects of PCB-153 on the 
biomarkers after different exposure times, over 450 mussels were exposed for 30 d to 
experimental solutions containing 0.6 µg L-1 of PCB-153, followed by a 10 d depuration 
period. Samples of mussels were taken for biochemical and chemical analyses after 0, 2, 
5, 9, 15, 20 and 30 d exposure, and after 10 d of depuration. 
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3.2.2.3. Concentration-response experiment 
To study the concentration-response relationship between PCB-153 exposure and 
the biomarker responses, over 240 mussels were exposed for 30 d to experimental 
solutions containing 0.1, 0.3 and 0.9 µg L-1 of PCB-153. After 0, 7 and 30 d exposure, 
samples were taken for biochemical and chemical analyses. 
In both experiments seawater control, DMSO control and PCB-153 treatment 
groups were processed at the same time. DMSO control and PCB-153 treatment tanks 
contained < 0.1% DMSO (v/v) which was constant in all treatments for a given 
experiment. 
Thirty individuals from each experimental group were taken at every sampling 
time. Gills from 24 mussels were dissected out and processed for subsequent biomarker 
analysis. Studied end-points included AChE, GST and GPx activities in the gills. The 
remaining 6 individuals from each treatment were used for chemical analyses. 
3.2.2.4. Chemical analyses in water and mussels 
The analysis of PCB-153 in water samples was carried out (by triplicate) by 
dispersive liquid-liquid extraction (DLLME) followed by programmed temperature 
vaporisation-gas chromatography with electron capture detection (PTV-GC-ECD). 
Briefly, 40 mL of water sample were extracted with 400 µL of n-hexane (95%) super 
purity solvent (Romil) and the mixture was vigorously shaken during 10 minutes at 
1200 rpm. Then, the organic phase was separated and injected in the chromatographic 
system. Gas chromatography was performed with a Perkin Elmer Autosystem XL 
chromatograph equipped with 63Ni electron-capture detector (ECD), autosampler, and a 
PTV injector. A Rtx-CLP (Restek) fused-silica capillary column 30 mx 0.25 mmx0.25 
µm (film thickness) specific for the analysis of pesticides was employed. Helium was 
used as carrier gas (0.8 mL min-1). Oven programme temperature was 60 ºC (1 min), 30 
ºC min-1 to 280 ºC (5 min). Injector programme temperature was 60 ºC (0.1 min), 120 
ºC min-1 to 280 ºC (11.4 min). Quantitation of PCB-153 was performed using the 
external calibration procedure. The method quantitation limit was 0.002 µg L-1. The 
precision measured as repeatability (n=5) was lower than 3% (relative standard 
deviation) and the average recovery was 126%.  
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The analytical method followed for the analysis of PCB-153 in mussels 
(González-Quijano, 1996; Bellas et al., 2011) is based on a Soxhlet extraction using a 
solvent mixture of n-pentane:dichloromethane (1:1 vol.). The extract was cleaned in an 
alumina column eluted with n-pentane, and fractionated on activated silica gel column 
with iso-octane as the eluent. Instrumental analysis was carried out on a Gas 
Chromatograph (Agilent 6890N) equipped with a 63Ni electron capture detector, using 
capillary columns CPSIL 8 CB (50 m, 0.25 mm i.d. and 0.25 µm film thickness) for 
separation of PCBs. Helium was used as carrier gas. Multilevel calibration was applied 
for quantification. 
These procedures used are systematically validated and controlled by the use of 
Certified Reference Materials (CRMs) and by participating in intercalibration exercises 
promoted by international institutions (IAEA, QUASIMEME). 
3.2.2.5. Bioaccumulation model 
Bioaccumulation was modelled assuming first-order kinetics and constant PCB-
153 concentration in water according to the expression (Landrum et al. 1992):  
 Equation 3.2.1 
Where Ca(t) is the concentration (μg Kg-1)accumulated in mussels at time t, Cw is 
the water concentration of PCB-153 (μg L-1), Ku is the uptake rate coefficient (L Kg-1 d-
1), Kd is the depuration rate coefficient (d-1) and t is the time (days). Ku and Kd were 
estimated by least square fits of the accumulation data to equation 3.2.1 model. 
The bioconcentration factor (BCF) is usually calculated as the ratio of the uptake 
rate coefficient to the depuration rate coefficient (BCF = Ku/Kd) (L Kg-1). The equation 
3.2.1 can be reparametrised to obtain directly the confidence intervals of BCF: 
( ) ( )1 dK ta wC t C BCF e=  Equation 3.2.2 
3.2.2.6. Biomarker analyses 
GST and GPx were analysed in the gills, which were homogenized with an Ultra-
Turrax, at 1:2 w/v ratio, in 0.05 M potassium-phosphate buffer at pH 7.5 containing 2 
mM EDTA. Samples were centrifuged at 15.000 × g for 15 minutes at 4-7ºC. For the 
( ) ( )1 dK tw ua
d
C KC t e
K
−= −
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analysis of AChE activity, the gills were weighed and homogenized with a Potter glass 
homogenizer at a 1:2 w/v ratio, in 0.02 M phosphate buffer at pH 7.0 with 0.1% Triton 
X-100 and centrifuged at 10.000 × g for 10 minutes at 4 ºC. Aliquots of the supernatant 
were utilized for the spectrophotometric determination of activity of the enzymes GST, 
GPx and AChE with an absorbance microplate reader (BiotekELx 808) at a constant 
temperature of 20 ºC. 
GST activities were evaluated, according to Habig et al. (1974), using 1-chloro-
2,4-dinitrobenzene (CDNB) as substrate. The measurement was carried out at 340 nm 
(extinction coefficient, ε= 9.6 mM-1 cm-1) in 0.1 M potassium-phosphate buffer at pH 
6.5, 60 mM CDNB and 10 mM GSH. 
GPx activity was measured in a coupled enzyme system where NADPH is 
consumed by glutathione reductase to convert the formed oxidized glutathione form 
(GSSG) to its reduced form (GSH), according to Halliwell and Gutteridge (1999). The 
decrease of absorbance was monitored at 340 nm (ε= 5.598 mM־1 cm־1P) in 0.1 M 
potassium-phosphate buffer at pH 6.5, 10 mM sodium azide (NaNR3R), 40 mM GSH, 20 
unit ml P-1Pglutathione reductase, 2.4 mM NADPH and 2 mM hydrogen peroxide as 
substrate. 
AChE activity was spectrophotometrically determined, as described in Bocquené 
and Galgani (1998), by measuring the increase in absorbance of the sample at 412 nm in 
the presence of 2.6 mM acetylthiocholine as substrate and 0.5 mM 5,5´- dithiobis-2-
dinitrobenzoic acid. 
Protein concentrations in the supernatants were measured according to Lowry et 
al. (1951) by using bovine serum albumin as standard. All the enzymatic activities are 
expressed as nmol min-1 mg-1 of protein. 
3.2.2.7. Statistical analyses 
Data normality and homoscedasticity were verified using Shapiro-Wilk and 
Levene’s tests, respectively. Differences among the means of the enzymatic activities in 
seawater control and DMSO control were analyzed by the Student’s t-test. Once it was 
verified that there were no significant differences, DMSO control was used as reference. 
Two-way analysis of variance (ANOVA) was performed to investigate possible time-
effect and concentration-effect relationships using time and PCB-153 concentrations as 
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variables. Bonferroni post-hoc test was used to evaluate significant differences (p<0.05) 
between treated samples and related controls (time to time), as well as among exposure 
levels. The tests were performed using the SPSS statistical package version 15.0 and 
GraphPad Prism software version 4.01. 
 
3.2.3. Results 
3.2.3.1. Mussel bioaccumulation 
Analysis of water samples revealed that initial PCB-153 concentrations were from 
32 to 120% of the nominal concentrations. A marked decrease in actual PCB-153 
concentration was observed already after 24 h, with measured concentrations decreasing 
to 4-10% of initial values. Daily spiking with the stock solution increased the actual 
concentrations up to 30-40% of nominal values. 
Background PCB-153 concentrations in mussel tissues before exposure was 0.631 
µg Kg-1 ww, similar to background levels reported for the NW Iberian coast (Bellas et 
al., 2011). The uptake of waterborne PCB-153 was very rapid, and after only 48 h of 
exposure to 0.6 µg L-1, the tissular concentration was 454 µg Kg-1ww (Figure 3.2.1). 
Uptake was approximately linear with time up to 15 days of exposure, reaching 3.72 mg 
Kg-1ww. Incipient saturation was subsequently observed, with a tissue concentration of 
3.92 mg Kg-1ww by day 30. Kinetics of bioaccumulation was accurately described by 
the Eq. 1 model (r2=0.96; p <0.005), and parameters were statistically signiﬁcant. A 
high bioconcentration factor (BCF) was observed (9324.4 ± 2717.4 L Kg-1), with a very 
high uptake rate coefﬁcient (Ku) of 777.4 ± 309.7 L Kg-1day-1, and a low excretion rate 
constant (Kd = 0.083 ±0.054 day-1). The PCB-153 concentration in the tissues did not 
decrease after 10 d depuration in clean seawater. 
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Figure 3.2.1. Concentration of PCB-153 in mussels (Mytilus galloprovincialis) exposed 
for 30 days to 0.6 µgL-1 and placed in clean seawater for 10 further days. (Adjusted r2 = 
0.96). 
 
The dose-response experiments showed that uptake rate after 7 and 30 days was 
dose-dependent (Figure 3.2.2, Table 3.2.1); and at the end of the 30 d exposure PCB-
153 concentrations in mussels were a linear function of water concentrations, as 
predicted, according to the model: Ct = 0.631 + 10175Cw (r2 = 0.86). 
 
Figure 3.2.2. Relationship between PCB-153 concentration in the water and 
concentration in mussels after 7 and 30 d exposure. The fitting parameters of the 
linear models are shown.  
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Table 3.2.1. Nominal PCB-153 concentration in water and PCB-153 concentrations measured in 
mussels exposed to different concentrations at 7 and 30 days. 
Nominal concentration in water 
(µg L-1) 
Measured concentration in mussel (µg Kg-1 ww) 
t7 t30 
0.1 424 1283 
0.3 635 2978 
0.6 n.m 3915 
0.9 2265 10614 
 
3.2.3.2 Biomarker analyses 
Figure 3 shows AChE, GST and GPx activities in gills of mussels exposed to 0.6 
µg L-1 of PCB-153 for 30 d and 10 d depuration period. In this experiment none of the 
measured biomarkers were significantly affected by the exposure to PCB-153. 
Figure 4 shows AChE, GST and GPx activities in gills of mussels exposed to 0.1, 
0.3 and 0.9 µg L-1 of PCB-153 for 7 and 30 d. AChE activity was not significantly 
affected at the tested concentrations. GST activity was significantly inhibited after 7 d 
exposure to the highest concentration (0.9 µg L-1), and after 30 d exposure to all PCB-
153 concentrations. On the other hand, GPx activity was significantly induced after 7 d 
exposure to 0.3 and 0.9 µg L-1, and after 30 d exposure in animals exposed to 0.1 µg L-1. 
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Figure 3.2.3. AChE, GST and GPx activities in gills of 
mussels exposed to 0.6 µg L-1 of PCB-153 during 30 
days and after 10 days recovery in clean seawater. Open 
and close symbols represent DMSO control and 
treatment, respectively. Values show mean ± standard 
deviation (n=12). Asterisks indicate significant 
differences with respect to DMSO control (Bonferroni 
test; * p<0.05; ** p<0.01; *** p<0.001). 
Figure 3.2.4. AChE, GST and GPx activities in gills of 
mussels exposed to 0 (DMSO control), 0.1, 0.3 and 0.9 
µgL-1 of PCB-153 during 7 and 30 days. Open and 
close symbols represent treatments at 7d and 30 d, 
respectively. Values show mean ± standard deviation 
(n=12). Asterisks indicate significant differences with 
respect to DMSO control (Bonferroni test; * p<0.05; ** 
p<0.01; *** p<0.001). 
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3.2.4. Discussion 
3.2.4.1 Bioaccumulation 
European regulations (REACH) classify as Very Persistent and Very 
Bioaccumulative (vPvB) substances those with a half-life in marine, fresh or estuarine 
water higher than 60 days, and a bioconcentration factor greater than 5000 L Kg-1 
(European Commission., 2008).  
In our study, the calculated BCF for PCB-153 in M. galloprovincialis was 9324 L 
Kg-1 (ww), confirming the high tendency of this compound to accumulate in biota. This 
congener is typically recalcitrant in most biota due to their high log Kow and high 
persistence, and because it is non-metabolizable (Boer et al., 1993), especially in 
invertebrates tissues (Kannan et al., 1995). Exposures were conducted in glass 
aquariums in the dark. Despite that, the behaviour of PCB-153 in solution was not 
stable, as demonstrated by the analysis of water samples. After 24 h the PCB-153 
concentration in water fell to approximately 4-10% of initial values. This decrease is 
higher than expected, since a 30-40% reduction in 24 h would be predicted taking into 
account the uptake by mussels, biomass per aquarium, and aquarium volume.  
PCB-153 shows a high affinity for organic matter (Koc = 4.17+E05 L Kg-1) 
(Karickhoff, 1981). The FSW used for the incubations has oceanic characteristics and 
low dissolved organic carbon (DOC) content (0.24 mg L-1), but mussels likely excreted 
additional organic matter that could be partially responsible for decreased dissolved 
PCB concentrations. Under those conditions one of the assumptions of the asymptotic 
model normally used for BCF calculations, namely constant water concentration, is not 
fulfilled. Therefore the BCF values calculated using the asymptotic model are 
underestimated, and actual values would be higher should water concentrations be 
actually constant. 
A previous study from Björk and Gilek (1997) using Mytilus edulis exposed to a 
lower concentration, and using a different experimental set up, found a BCF for PCB-
153 of the same order of magnitude: 15,887 L Kg-1 ww (assuming fresh weight is 5 
times dry weight). Geyer et al. (1982) reported a range of M. edulis BCF values for 
Aroclor 1248 from 7200 to 26,600 L Kg-1 ww.  
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During the first 15 days of the exposure phase in the kinetics experiment we have 
found an almost linear uptake of PCB-153 with time, and very limited ability of 
excretion throughout the whole exposure phase, as indicated by the low Kd value (0.083 
day-1). The same feature has been previously found in mussels for PCB-153 by Bjork & 
Gilek (1997) (Kd= 0.029 d-1), and for BDE-47 by Vidal-Liñán et al. (2015) (Kd= 0.082 
d-1).  
3.2.4.2 Molecular biomarkers 
AChE has long been considered as a specific biomarker for organophosphate and 
carbamate insecticides (Galgani and Bocquené, 1989; Escartín and Porte, 1997). Recent 
studies have shown that other types of pollutants, such as heavy metals, surfactants, 
PAHs and polybrominated diphenyl ethers (BDE-47) may also inhibit AChE activity 
(Guilhermino et al., 1998; Akcha et al., 2000; Regoli and Principato, 1995; Grintzalis et 
al., 2012; Vidal-Liñán et al., 2015). In this study, neurotoxic effects by PCB-153 were 
not found. 
In the present work, GST activity was not significantly induced at any 
experimental concentration or exposure time. In fact, the GST activity values after 30 
days exposure at 0.1, 0.3, and 0.9 µg L-1 were signiﬁcantly lower than control. 
Therefore our results do not support a role of GST in PCB-153 detoxiﬁcation by 
mussels. Moreover, after 10 days depuration PCB-153 concentration did not decrease, 
suggesting a lack of biotransformation ability in the mussel for this compound. GST 
activity was also unaffected by Aroclor 1260 in Dreissena polymorpha (Faria et al., 
2009), and by Aroclor 1254 in Chamaelea gallina (Rodríguez-Ariza et al. 2003), thus 
denoting its marginal role in detoxifying these contaminants. In contrast, Michel et al. 
(1993) reported a slight (20 to 50%) but statistically significant increase in GST activity, 
measured in whole mussel, in M. galloprovincialis exposed to nominal PCB-153 
concentrations ranging from 6 to 250 µg L-1.  
It was shown that GST isoenzymes display a tissue-specific pattern in mussels 
(Fitzpatrick & Sheehan, 1993), and this may explain differences in GST response 
among experiments using different tissues. Osman et al. (2007) found a significant 
inhibition in GST activity measured in gills of mussels exposed to sediment extracts 
contaminated with PCBs and polycyclic aromatic hydrocarbons, while in the rest of soft 
tissues analysed there was no effect.  
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In mussels, antioxidant enzymes play an effective antioxidant role by scavenging 
preferentially hydroxyl radicals (Faria et al., 2009). For instance, increased antioxidant 
activities were consistently found in bivalves from contaminated sites in terms of PCBs, 
PAHs and pesticides (De Luca-Abbott et al., 2005; Fernández et al., 2010). In our study 
the activity of GPx increased in mussels exposed to 0.1 µg PCB-153 L-1 for 7 days, and 
to 0.3 and 0.9 µg L-1 for 30 days. In agreement with our results, Cheung et al. (2004) 
found that GPx in gills was the first antioxidant enzyme induced by Aroclor 1254, with 
increased activity detected on day 6 of exposure, though, induction apparently ceased by 
day 12, and by day 18 GPx levels were significantly reduced.  
In conclusion, this study confirmed that PCB-153 tends to accumulate in M. 
galloprovincialis mussels due to their limited capacity for the biotransformation and 
elimination of this compound. The accumulation of PCB-153 caused an inhibition of the 
GST activity in the gills at long exposure times and increased oxidative stress suggested 
by the significant induction of GPx. The patterns of response though seem complex in 
terms of dependence on dose and time of exposure. 
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3.3.1. Introduction 
It is well known that a large number of organic pollutants found in different 
compartments of the aquatic environment may be uptaken and damage organisms and 
human health. Among them, alkylphenols (APs) are of concern due to their wide use, 
ubiquity and toxicological effects (David et al., 2008). These compounds are 
constituents of household and industrial products as herbicides, detergents and 
plasticizers. Furthermore, octyl- and nonylphenols are used in the production of their 
ethoxylate derivates (alkylphenolethoxylates), one of the main non-ionic surfactants 
(Navarro et al., 2010). On the other hand, APs belong to synthetic endocrine disrupting 
chemicals, a group of substances which can alter immune functions, produce sexual 
dysfunction or cause cancer at low concentrations (reviewed by Salgueiro-González et 
al., 2012a).  
In order to protect the aquatic environment and human health, the Directive 
2008/105/EC included 4-tert-octylphenol (4-tOP) and 4-nonylphenol (4-NP) in the list 
of 33 priority substances of concern in European waters. The recent Directive 
2013/39/EU sets envVironmental quality standards (EQS) for these compounds in 
water, but EQS values in biota were not established yet because of the scarce data 
available on 4-NP bioaccumulation and effects on aquatic organisms, a topic addressed 
in this study. 
On the other hand, marine pollution monitoring currently relies on the study of 
biological effects of chemical pollutants, including enzymatic biomarkers (ICES, 2011) 
of exposure (e.g. GST, GPx) and effect (e.g. AChE). Active monitoring in an 
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industrialised area has demonstrated that mussels from the most polluted sites 
consistently exhibited a significantly higher GST and GPx activities compared to the 
control site, whereas AChE activity was significantly inhibited (Vidal-Liñán et al. 
2014). The present study investigates the effects of 4-NP exposure on an antioxidant 
enzyme: glutathione peroxidase (GPx); a phase II detoxification enzyme: glutathione S-
transferase (GST), and the neurotransmitter catabolism enzyme acetylcholinesterase 
(AChE).  
GPx protects cells against the deleterious effects of oxyradical generation by 
maintaining endogenous reactive oxygen species at relatively low levels, and 
attenuating the damages related to their high reactivity (Livingstone, 1990). This 
enzyme catalyzes the reduction of hydrogen peroxide into water or organic peroxides to 
their corresponding stable alcohols by oxidizing the reduced glutathione (GSH) into its 
oxidized form (GSSG). A relationship between PAH exposure and the increase in 
antioxidant defences (e.g. CAT and GPx) has been suggested (Cheung et al., 2004), but 
mostly related to high molecular weight PAHs (e.g. B[a]P). Nevertheless, consistency 
of results has not always been achieved and a reduction or no-effect on these parameters 
has also been reported (Porte et al., 2000; Livingston, 2001; Kasiotis et al., 2015). 
GST are Phase II detoxification enzymes involved in the conjugation and 
detoxification of organic compounds, which also play a protective role against oxidative 
stress by catalysing a selenium-independent glutathione peroxidase activity (Prohaska, 
1980; reviewed by Sheehan et al., 2001). GST activity has been widely used as a 
biomarker of exposure to PAHs, PCBs and trace metals both in fish and invertebrates 
(Fitzpatrick et al., 1997; Funes et al., 2006), and has been recently identified as a 
suitable biomarker for monitoring chemical pollution in highly productive marine 
coastal ecosystems (Vidal-Liñán et al., 2010). 
Acetylcholinesterase (AChE) is an essential enzyme in the transmission of the 
nerve impulse that degrades acetylcholine to choline and acetic acid in the synaptic gap 
of cholinergic synapses and neuromuscular junctions. AChE activity is unselectively 
inhibited by metals, and selectively inhibited by organophosphate and carbamate 
pesticides, leading to severe physiological impairment in marine organisms (Rickwood 
and Galloway, 2004; Tsangaris et al., 2010). Thus, the inhibition of AChE activity in 
mussels has been frequently used as an effect biomarker after exposure to certain metals 
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such as lead and mercury and to pesticides (e.g. Bocquene and Galgani, 1990). In 
addition, AChE has been identified as a suitable biomarker for incorporation into the 
OSPAR Coordinated Environmental Monitoring Programme (CEMP) (ICES, 2011). 
This is in our knowledge the first report of 4-NP effects in AChE activity in bivalves. 
The aim of the present work was to study the bioaccumulation of 4-NP in mussels 
(Mytilus galloprovincialis) and the effects on the antioxidant enzyme: GPx; the Phase II 
detoxification enzyme: GST, and the neurotransmitter catabolism enzyme: AChE, in 
order to contribute to the establishment of EQS in marine biota. 
 
3.3.2. Materials and Methods 
3.3.2.1 Experimental procedure 
Mussels between 40 and 45 mm shell length were collected from a pristine area 
from the outer part of Ria de Vigo (NW Iberian coast), cleaned from epibionts, and 
acclimated to incubation conditions in the laboratory for one week prior to experiments. 
Acclimatization was made in a 150 L fibreglass tank with running seawater inside an 
isothermal chamber at 15ºC in the dark, and mussels were fed as in the exposure period 
(see below). Exposure was made in 30 L glass tanks with 20 mussels per tank, at 
constant temperature (15 ºC), in darkness, using 1 µm filtered seawater with oceanic 
characteristics. These tanks were continuously aerated with 0.22 µm filtered air, and 
were allowed to equilibrate for 1 h, before introducing the mussels. Water was renewed 
three times per week after feeding mussels for 1 h with a mixed diet of Isochrysis 
galbana, Tetraselmis suecica and Chaetoceros gracilis. Exposure tanks were spiked 
using a stock solution of 75 mgL-1 4-NP, 99.9% purity from SUPELCO Analytical 
(CAS 104-40-5) dissolved in dimethylsulphoxide (DMSO) (99.9% purity from 
PANREAC). Fresh stock solutions were prepared every 7 days and stored at 5 ºC in the 
dark. 
Preliminary trials showed an exponential decay in actual 4-NP concentrations in 
the water; consequently every day without water renewal 4-NP was spiked to maintain 
nominal concentrations. 
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Water samples were taken at 0 h to check the initial concentration and at 24, 96 
and 120 h before water renewal to monitor the concentration of 4-NP in the exposure 
media. 
3.3.2.2 Kinetics experiment 
To evaluate the kinetics of uptake and effects of 4-NP on the biomarkers after 
different exposure times, over 450 mussels were exposed for 30 d to seawater control 
and experimental solutions containing 75 µgL-1 of 4-NP (0.34 µM), followed by a 10 d 
depuration period. Mussel´s samples were taken for biochemical and chemical analyses 
after 0, 2, 5, 9, 15, 20 and 30 d exposure, and after 10 d of depuration. 
3.3.2.3. Concentration-response experiment 
To study the concentration-response relationship between 4-NP exposure and the 
biomarker responses, over 240 mussels were exposed for 30 d to seawater control and 
experimental solutions containing 25, 50, 75, 100 µg L-1 of 4-NP (0.11 µM, 0.23 µM, 
0.34 µM and 0.45 µM, respectively). After 0, 7 and 30 d exposure, samples were taken 
for biochemical and chemical analyses. 
In both experiments seawater control, DMSO control and 4-NP treatment groups 
were processed at the same time. DMSO control and 4-NP treatment tanks contained < 
0.1% (v/v) DMSO which was maintained constant in all treatments for a given 
experiment.  
Thirty individuals from each experimental group were taken at every sampling 
time. Gills from 24 mussels were dissected out, frozen in liquid nitrogen and stored at – 
80ºC until processed for biomarker analysis. Studied end-points included AChE, GST 
and GPx activities of the gills. The remaining 6 individuals from each treatment were 
used for chemical analyses. 
3.3.2.4. Chemical analyses in water and mussels 
The analysis of water samples was carried out by dispersive liquid-liquid 
extraction (DLLME) followed by high performance liquid chromatography tandem 
mass spectrometry (HPLC-MS/MS), according to a previous methodology published by 
Salgueiro-González et al., (2012a). Briefly, 30 mL of seawater were extracted with 100 
µL of 1-octanol and the mixture was vigorously shaken during 5 minutes at 1200 rpm 
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and then separated upon centrifugation. The fine droplets of 1-octanol were collected 
and up to 1 mL with methanol and filtered before LC injection. 
Mussel tissues were extracted by selective pressurized liquid extraction (SPLE) 
and determined by HPLC-MS/MS, as it was previously described by Salgueiro-
González et al., (2012b). In summary, 0.5 g of freeze-dried mussel samples was blended 
with a dispersing agent (C18, 1.5 g) until homogenization and extracted with methanol 
at 40ºC using an ASE 200 instrument (Dionex, Sunnyvale, CA, U.S.A.). At the bottom 
of the extraction cell the sorbent (neutral alumina 5% water deactivated, 3 g) was placed 
for the simultaneous clean-up of the co-extracts. The PLE extracts were reduced almost 
dryness in a Syncore® Analyst evaporator from Büchi Labortechnik AG (Flawil, 
Switzerland) and up to 1 mL of methanol before LC injection. 
LC determination was performed (in both cases) using an Agilent HP-1200 Series 
LC system coupled to a mass spectrometer with a triple quadrupole detector and an 
APCI/ESI source (API 3200, Applied Biosystems, Carlsbad, CA, USA). Multiple-
reaction monitoring (MRM) were registered for chosen as an acquisition mode because 
of its sensitivity and selectivity. 
Both analytical methodologies were optimized and validated in terms of linear 
range, accuracy and precision and satisfactory results were obtained. 
3.3.2.5 Bioaccumulation model 
Bioaccumulation was modelled assuming first-order kinetics and constant 4-NP 
concentration in water according to the expression (Landrum et al. 1992):  
 Equation 3.3.1 
Where Ca(t) is the concentration (μg Kg-1) accumulated in mussels at time t, Cw is 
the 4-NP water concentration (μg mL-1), Ku is the uptake rate coefficient (mL Kg-1 d-1), 
Kd is the depuration rate coefficient (d-1) and t is the time (days). Ku and Kd were 
estimated by least square fits of the accumulation data to equation 3.3.1 model. 
The bioconcentration factor (BCF) is usually calculated as the ratio of the uptake 
rate coefficient to the depuration rate coefficient (BCF = Ku/Kd) (mL g-1). The equation 
(1) can be reparametrised to obtain directly the confidence intervals of BCF: 
( ) ( )1 dK tw ua
d
C KC t e
K
−= −
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( ) ( )1 dK ta wC t C BCF e−= −   Equation 3.3.1 
3.3.2.6 Biomarker analyses 
GST and GPx were analysed in the gills since they are the first organ to be 
exposed to waterborne pollutants and constitute the major entry site for uptake of 
dissolved pollutants, therefore it is reasonable to expect that the level of oxidative 
processes in this tissue is maximal. In a previous study (Vidal-Liñán and Bellas, 2013) 
we found that GST, GPx and AChE activities are higher in gills than in the digestive 
gland of mussels. Gills were homogenized with an Ultra-Turrax, at 1:2 w/v ratio, in 
0.05 M potassium-phosphate buffer at pH 7.5 containing 2 mM EDTA. Samples were 
centrifuged at 15.000 × g for 15 minutes at 4-7 ºC. For the analysis of AChE activity, 
the gills were weighed and homogenized with a Potter glass homogenizer at a 1:2 w/v 
ratio, in 0.02 M phosphate buffer at pH 7.0 with 0.1% Triton X-100 and centrifuged at 
10.000 × g for 10 minutes at 4 ºC. Aliquots of the supernatant were utilized for the 
spectrophotometric determination of activity of the enzymes GST, GPx and AChE with 
an absorbance microplate reader (BiotekELx 808) at a constant temperature of 20 ºC. 
GST activities were evaluated, according to Habig et al. (1974), using 1-chloro-
2,4-dinitrobenzene (CDNB) as substrate. The measurement was carried out at 340 nm 
(extinction coefficient, ε= 9.6 mM-1cm-1) in 0.1 M potassium-phosphate buffer at pH 
6.5, 60 mM CDNB and 10 mM GSH. 
GPx activity was measured in a coupled enzyme system where NADPH is 
consumed by glutathione reductase to convert the formed oxidized glutathione form 
(GSSG) to its reduced form (GSH), according to Halliwell and Gutteridge (1999). The 
decrease of absorbance was monitored at 340 nm (ε= 5.598 mM־1cm־1P) in 0.1 M 
potassium-phosphate buffer at pH 6.5, 10 mM sodium azide (NaNR3R), 40 mM GSH, 20 
unit mlP-1 P glutathione reductase, 2.4 mM NADPH and 2 mM hydrogen peroxide as 
substrate. 
The activity of AChE was spectrophotometrically determined, as described in 
Bocquené and Galgani (1998), by measuring the increase in absorbance of the sample at 
412 nm in the presence of 2.6 mM acetylthiocholine as substrate and 0.5 mM 5,5´- 
dithiobis-2-dinitrobenzoic acid. 
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Protein concentrations in the supernatants were measured according to Lowry et 
al. (1951) by using bovine serum albumin as standard. All the enzymatic activities are 
expressed as nmol min-1 mg-1 of protein. 
3.3.2.7 Statistical analyses 
Data normality and homoscedasticity were verified using Shapiro-Wilk and 
Levene’s tests, respectively. Differences among the means of the enzymatic activities in 
seawater control and DMSO control were analysed by the Student’s t-test. Once it was 
verified that there were no significant differences, DMSO control was used as reference.  
In both the kinetics experiment and the concentration:response experiment two 
independent two-way ANOVA were conducted to evaluate significant (p<0.05) effects 
of concentration and exposure time, and Bonferroni post-hoc test to test the significance 
of differences between treated samples and related DMSO controls. The tests were 
performed using the SPSS statistical package version 15.0 and GraphPad Prism 
software version 4.01. 
 
3.3.3 Results 
3.3.3.1 Mussel bioaccumulation 
Analysis of water samples (Table 3.3.1) revealed that initial 4-NP concentrations 
were 88-112% of the nominal concentrations. A marked decrease in actual 4-NP 
concentrations was observed already after 24 h; however, daily spiking with the 4-NP 
stock solution generally restored nominal concentrations. 
 
Table 3.3.1. Actual 4-NP concentrations measured in the exposure water. 
After 24, 96 and 120 h exposure samples were taken for analysis. Water was 
spiked every 24 h with the nominal 4-NP concentrations. n.m. not measured. 
Nominal concentration 
(µg L-1) 
Measured concentration (µg L-1) 
t0 t24 t24 + Toxic t96 t120 
25 28 1.3 29 2.8 0.5 
50 44 5.3 40 5.8 1.1 
75 74 6.4 23 n.m n.m 
100 91 9.8 84 10 1.5 
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4-NP concentrations in mussel tissues measured before exposure were 0.295 µg g-
1dw. Those concentrations are similar to the background levels found in the NW Iberian 
coast (Salgueiro-González et al., 2012b). The uptake of waterborne 4-NP was very 
rapid, and after only 48 h of exposure to 75 µgL-1  4-NP, the tissular concentration was 
167 µg g-1dw. The uptake was approximately linear with time up to 9 days of exposure; 
nevertheless saturation was later observed, and a maximum of 599 µg g-1 was reached at 
day 15, with decreasing 4-NP concentrations further on (Figure 3.3.1). Kinetics of 
bioaccumulation were fitted to the classical saturation model described by equation (1), 
resulting a r2 = 0.84, and statistical significance p < 0.005. According to this model, the 
bioconcentration factor (BCF) was BCF=6850 ± 1850 LKg-1, with an uptake rate 
coefficient (Ku) of 1702.5 ± 1549.6 LKg-1 d-1and an excretion rate of 0.248 ± 0.263 d-1. 
 
Figure 3.3.1. Concentration of 4-NP in mussels (Mytilus galloprovincialis) exposed for 
30 days to 75 µg L-1 and placed in clean seawater for 10 further days. (Adjusted r2 = 
0.84). 
 
The dose response experiments showed that uptake rate was dose-dependent 4-NP 
during the first few days (Table 3.3.2); however, saturation took place disregarding 
exposure concentrations, and at the end of the 30 d exposure 4-NP concentrations were 
246, 282, 380 and 382 µg g-1dw, in mussels exposed to 25, 50, 75 and 100 µg L-1, 
respectively. 
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Table 3.3.2. Nominal 4-NP concentration in water and 4-NP concentrations measured in mussels 
exposed to different concentrations after7 and 30 day exposure. n.m. not measured. 
Nominal concentration in water 
(µg L-1) 
Measured concentration in mussel (µg g-1 dw) 
t7 t30 
25 75 246 
50 194 282 
75 n.m. 380 
100 235 382 
 
3.3.3.2. Biomarker analyses 
Figure 3.3.2 shows AChE, GST and GPx activities in gills of mussels exposed to 
75 µg L-1 of 4-NP for 30 d, plus a 10 d depuration period. For the three biomarkers 
analysed, baseline levels are comparable with those obtained in wild mussels from 
pristine areas of the NW Iberian coast (Vidal-Liñán et al., 2010; Vidal-Liñán & Bellas 
2013). 
AChE activity was lower in 4-NP exposed mussels, with independence of 
exposure time, but the inhibition was statistically significant (p<0.05) only after 30 d 
exposure (Figure 3.3.2). GST activity in exposed animals showed significant induction 
after 15, 20, 30 d exposure, and the induction was maintained after the 10 d depuration 
period (Figure 2). In the case of the GPx activity in gills, the pattern of response was 
more variable, and GPx activity showed significant induction only at the 2 d exposure 
time (Figure 3.3.2). As in the case of GST, the induction was maintained after the 
depuration period. 
Figure 3.3.3 shows AChE, GST and GPx activities in gills of mussels exposed to 
25, 50, 75 and 100 µg L-1 of 4-NP for 7 and 30 d. For the three biomarkers analysed a 7 
d exposure period was not sufficient to elicit any significant response. In contrast, after 
30 d, AChE showed a significant inhibition at high exposure levels (75 and 100 µg L-1), 
and GST was significantly induced in animals exposed to 50, 75 and 100 µg L-1. Again, 
the pattern of response of GPx was less consistent, and the marked increase in activity 
found at 75 µg L-1 was not statistically significant.  
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Figure 3.3.2. AChE, GST and GPx activities in 
gills of mussels exposed to 75 µg L-1 of 4-NP 
during 30 days and after 10 days recovery in clean 
seawater. Open and close symbols represent 
DMSO control and treatment, respectively. Values 
show mean ± standard deviation (n=12). Asterisks 
indicate significant differences with respect to 
DMSO control (Bonferroni test; * p<0.05; ** 
p<0.01; *** p<0.001). 
 
Figure 3.3.3. AChE, GST and GPx activities in 
gills of mussels exposed to 0 (DMSO control), 25, 
50, 75 and 100µg L-1 of 4-NP during 7 days (open 
symbols) and 30 days (closed symbols). Values 
show mean ± standard deviation (n=12). Asterisks 
indicate significant differences with respect to 
DMSO control (Bonferroni test; * p<0.05; ** 
p<0.01; *** p<0.001). 
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3.3.4. Discussion 
3.3.4.1 Bioaccumulation 
The first order bioaccumulation model (equation (1)) described accumulation of 
4-NP in marine mussels (p<0.005), resulting a BCF of 6850 L Kg-1. This is within the 
range of BCF values previously reported for bivalves, from 1860 (Gatidou et al. 2010) 
to 13700 LKg-1 dry weight (Ekelund et al., 1990; Lietti et al., 2007), assuming fresh 
weight is 5 times dry weight), and similar to the mean of the published values (7898 L 
Kg-1). Ricciardi et al. (2008) found a 4-NP concentration of 230 µg g-1dw after 7 d 
exposure to 100 µg L-1, which fits well with the present results (see Figure 3.3.1). 
However, in the exposure phase of the kinetics experiment we have found that 4-NP 
tissular concentration did not achieve equilibrium, and a sharp decrease in tissular 
concentration was observed after the peak at day 15 (see Figure 1). Because of that, the 
saturation model fits to the experimental data with a moderate goodness of fit (r2=0.84). 
In fact the value of the excretion rate constant predicted by the model, 0.248 ± 0.263d-1, 
is not significant (p=0.059).  
Therefore, accumulation of 4-NP in mussels seems to be moderate compared to 
other organic pollutants. In parallel experiments we have found a BCF of 10900 L Kg-1 
for BDE-47 and 9324 L Kg-1 for PCB-153 (Vidal-Liñán et al., 2015). Furthermore, the 
depuration rate constant found, Kd, shows a high value (0.248 d-1), equivalent to a half 
life for 4-NP in the soft tissues of only 2.79 days, remarking the high depuration ability 
of the mussel. Lietti et al. (2007) found a 4-NP half life in clams of just 4.1 days. This 
high depuration ability is consistent with our findings showing statistically significant 
induction of GST activity after 15 d exposure to 4-NP (see below). Fish can 
biotransform 4-NP into readily excretable metabolites (Arukwe et al., 2000), and the 
present results support that bivalves have also the ability for 4-NP biotransformation 
through a pathway involving the induction of the phase II enzyme GST (see below). 
3.3.4.2. Molecular biomarkers 
AChE has long been considered as a specific biomarker for organophosphate and 
carbamate insecticides (Galgani and Bocquené, 1989; Escartín and Porte, 1997). Recent 
studies have shown that other types of pollutants, such as heavy metals, surfactants and 
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PAHs, may also inhibit AChE activity (Guilhermino et al., 1998; Akcha et al., 2000; 
Regoli and Principato, 1995; Grintzalis et al., 2012). We have found that 4-NP, an 
endocrine disruptor, is also a neurotoxic compound for mussels, significantly inhibiting 
AChE activity at concentrations from 75 and 100 µg L-1 after 30 d exposure. This is in 
our knowledge the first report of AChE inhibition in M. galloprovincialis by 4-NP. In 
agreement with our results, Li (2008a) has found significant inhibition of muscle AChE 
activity in fish after 4-day exposure to 150 and 300 µg L-1 of NP. In other study with the 
planarian Dugesia japonica (Li, 2008b), cholinesterase activity was significantly 
inhibited in organisms exposed to 0.5 mg L-1 for 96 hours. 
The induction of GST activity has been suggested to be adopted for use as a 
biomarker of exposure to chemicals such as PAHs, PCBs and dioxins (Van der Oost et 
al., 2003). In the present work, the decrease of 4-NP tissular concentration, observed 
after 15 d exposure was concomitant with an induction of GST activity, which was 
significantly increased compared to non-exposed mussels from day 15 on. Interestingly, 
increased GST activity continued after mussels were transferred into clean seawater, in 
the depuration phase of the experiments, suggesting that tissue burdens, rather than 
concentration in water, controls the induction. In this regard, Sanchez et al. (2006) 
suggest that the GST induction in liver of the fish Gasterosteus aculeatus, after 21 d 
exposure to a commercial nonylphenol polyethoxylate adjuvant, could be explained by 
the phenol group of nonylphenol, making it directly available to GST, as well as by 
lipid peroxidation. Also a certain delay in this control cannot be discarded.  
The increase of the GST activity followed a concentration:response pattern within 
the range of 4-NP concentrations studied. A concentration-dependent induction of the 
GST activity on M. galloprovincialis digestive gland, was also observed by Canesi et al. 
(2008) in response to a mixture of endocrine disruptor compounds (including NP), 
indicating significant metabolism via phase-II biotransformation. Other study has 
shown the induction of the GST enzyme on M. galloprovincialis digestive gland 
exposed to the endocrine disruptor bisphenol-A (Canesi et al., 2007). In contrast, Riva 
et al. (2010) noted that the GST activity in zebra mussels exposed to different 
concentrations of 4-NP was not affected. 
The biotransformation of 4-NP in fish seems to involve conjugation of the 
oxidised 4-NP metabolite with glucuronic acid (Thibaut et al., 2000, Smith & Hill 
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2004). In contrast, this study suggest that 4-NP metabolization in mussels includes 
conjugation with glutathione, considering the induction of GST after NP exposure, 
which is in agreement with the above mentioned studies on other endocrine disruptors 
(Canesi et al. 2007, 2008). 
GPx enzyme catalyses the reduction of hydrogen peroxide into water, or the 
reduction of organic peroxides to their corresponding stable alcohols by oxidizing the 
reduced glutathione (GSH) into its oxidized form (GSSG). An increased GPx activity 
has been reported in marine invertebrate species in response to low intracellular H2O2 
concentrations (Orbea and Cajaraville, 2006), representing a major pathway in the cell 
for metabolizing H2O2 and lipid peroxides. However, in this work GPx activity has not 
shown such a consistent pattern as the GST and AChE activities. This was already 
observed in a previous work (Vidal-Liñán et al., 2013). When GPx activities in mussels 
exposed to 75 µgL-1 4-NP were compared to the corresponding controls at the same 
exposure times, a significant induction was found at 2 and 40 d. In contrast, when 
mussels were exposed to 25, 50 and 100 µg L-1, GPx activity was not affected. In 
accordance with our results, Riva et al. (2010) reported that GPx activity of zebra 
mussels was not altered by exposure to different concentrations of 4-NP (1, 10 and 50 
µg L-1) and suggest that oxidative stress might not be directly involved in 4-NP toxicity. 
In conclusion, we have found evidence of 4-NP biotransformation ability in the 
mussels M. galloprovincialis, leading to moderate bioaccumulation due to their capacity 
for elimination of this compound. The biotransformation seems to involve GST, which 
is significantly induced in a dose: response pattern with 4-NP exposure. Further 
research is needed to elucidate the molecular mechanism behind the GST induction, 
most likely mediated by the formation of some 4-NP oxidized metabolite that we did 
not target in the present study. 
This study also validated the use of AChE and GST activities in mussels as 
biomarkers of exposure to 4-NP. The GST was the most sensitive biomarker, 
responding to concentrations from 50 µg L-1 (corresponding to a concentration in 
mussel of 282 µg g-1 dw), and showing increased induction as exposure time increased. 
We report for first time neurotoxic effects in mussels due to the exposure to 
environmentally relevant concentrations of 4-NP that caused an inhibition of the AChE 
activity. 
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3.4.1. Introduction 
Polycyclic aromatic hydrocarbons (PAHs) are a large group of widespread 
organic compounds of high environmental concern. Major anthropogenic sources of 
PAHs to the marine environment are combustion products (pyrogenic PAHs) and 
petroleum (petrogenic PAHs), principally from atmospheric deposition (5 × 104 
Ton/year) and oil spillages (1.7 × 105 Ton/year) (Kennish, 1992). The dramatic effects 
of oil spills to seabirds and other large animals in direct contact with the oil slick is very 
well known, but less attention has received the impact of the less conspicuous and 
frequently overlooked water-accommodated fraction to water column organisms (Beiras 
and Saco-Álvarez, 2006). 
Aromatic hydrocarbons are more toxic than the comparatively inert aliphatic 
fraction. Since hydrocarbon water solubility sharply decreases as molecular weight 
increases, aromatics with up to 3 rings constitute the most bioavailable components of 
oil for the water column biota. However, the lighter aromatics are readily eliminated 
from water by evaporation. Intermediate size aromatics, e.g. phenanthrene (Phe), 
fluoranthene (Flu) and pyrene (Pyr) have been identified by Neff and Stubblefield 
(1995) as responsible for the sustained acute toxicity of petroleum products to water-
column organisms. Bellas et al. (2008) using several species of marine invertebrates 
found a slope close to 1 in the double logarithmic regression between Kow and the EC50 
of 2 and 3 rings PAHs, with maximum risk quotients in light conditions for Flu and Pyr. 
According to Bellas and Thor (2007) Pyr was slightly more toxic than Flu and Phe on 
the survival and egg production of the copepod Acartia tonsa. 
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Mussels have been successfully used as indicator organisms for marine pollution 
monitoring world-wide because of their abundance, wide geographic distribution, 
sessile character, long life span and high filtration rates (e.g. Farrington et al., 1983; 
Widdows and Donkin, 1992; Rainbow and Phillips, 1993; Sericano et al., 1995; Chase 
et al., 2001). Vidal-Liñán and Bellas (2013) designed a battery of enzymatic biomarkers 
in Mytilus galloprovincialis, consisting of GPx, GST and AChE, suitable to incorporate 
in the routine monitoring of coastal pollution (Bellas et al., 2014).  
GPx protects cells against the deleterious effects of oxyradical generation by 
maintaining endogenous reactive oxygen species at relatively low levels, and 
attenuating the damages related to their high reactivity (Livingstone, 1990). This 
enzyme catalyzes the reduction of hydrogen peroxide into water or organic peroxides to 
their corresponding stable alcohols by oxidizing the reduced glutathione (GSH) into its 
oxidized form (GSSG). 
Acetylcholinesterase (AChE) is an essential enzyme in the transmission of the 
nerve impulse. AChE activity is selectively inhibited by organophosphate and 
carbamate pesticides and unselectively inhibited by metals and many other chemical 
pollutants (Rickwood and Galloway, 2004; Tsangaris et al., 2010). Thus, the inhibition 
of AChE activity in mussels has been frequently used as a biomarker of chemical 
pollution by metals and pesticides (e.g. Bocquene and Galgani, 1990).  
GST is involved in phase II of biotransformation and thus in the detoxification of 
numerous environmental chemicals, as it catalyzes the conjugation of glutathione to 
electrophilic compounds (e.g., epoxides of PAHs), hence rendering them less reactive 
and more water soluble (Cheung et al., 2001; Pan et al., 2009). It also plays a protective 
role against oxidative stress (reviewed by Sheehan et al., 2001). GST activity has been 
widely used as a biomarker of exposure to PAHs, PCBs and trace metals both in fish 
and invertebrates (Fitzpatrick et al., 1997; Funes et al., 2006), and has been recently 
identified as a suitable biomarker for monitoring chemical pollution in highly 
productive marine coastal ecosystems (Vidal-Liñán et al., 2010). 
In addition, it would be desirable to incorporate a phase I biotransformation 
enzyme, such as EROD, frequently used in fish, to the battery of mussel biomarkers. 
However mussels lack significant EROD activity (Livingstone, 1996), and 
benzo[a]pyrene hydroxylase (BPH) has been proposed as an alternative biomarker 
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induced by PAH and other organic compounds in bivalves (Akcha et al., 2000; Azdi et 
al., 2006; Banni et al., 2010). Activity of the biotransformation enzyme BPH can be 
used indirectly to measure CYP450 1A activity, which is involved in the 
biotransformation of xenobiotics (Snyder, 2000). 
The aims of the present work were to investigate the bioaccumulation potential of 
Pyr in mussels (M. galloprovincialis) and their effects on selected biomarkers: the 
antioxidant enzyme GPx; the phase I detoxification enzyme BPH; the phase II 
detoxification enzyme GST, and the neurotransmitter catabolism enzyme AChE. 
 
3.4.2. Material and methods 
3.4.2.1. Experimental procedure 
Mussels between 40 and 45 mm long were collected from a pristine area from the 
outer part of Ria de Vigo (NW Iberian coast), cleaned from epibionts, and acclimated to 
incubation conditions in the laboratory for one week prior to experiments. 
Acclimatization was made in a 150 L fibreglass tank with running seawater inside an 
isothermal chamber at 15 ºC in the dark, and mussels were fed as in the exposure period 
(see below). Exposure was made in 30 L glass tanks with 20 mussels per tank, at 
constant temperature (15 ºC), in darkness, using 1 µm filtered seawater (FSW) with 
oceanic characteristics. These tanks were continuously aerated with 0.22 µm filtered air, 
and were allowed to equilibrate for 1 h, before introducing the mussels. Water was 
renewed three times per week after feeding mussels for 1 h with a mixed diet of 
Isochrysis galbana, Tetraselmis suecica and Chaetoceros gracilis. Exposure tanks were 
spiked using a stock solution of 1 g L-1 Pyr dissolved in dimethylsulphoxide (DMSO) 
(99.9% purity from PANREAC). Fresh stock solutions were prepared every 7 days and 
stored at 5 ºC in the dark. 
Preliminary trials showed an exponential decay in actual Pyr concentration in the 
water; consequently every day without water renewal Pyr was spiked in order to 
maintain the nominal concentration. Water samples were taken at 0, 24, 96 and 120 h to 
monitor the actual concentration of Pyr in the exposure media. 
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3.4.2.2. Kinetics experiment 
To evaluate the kinetics of uptake and effects of Pyr on the biomarkers after 
different exposure times, over 450 mussels were exposed for 30 d to seawater control 
and experimental solutions containing 100 µg L-1 of Pyr, followed by a 10 d depuration 
period. Mussel’s samples were taken for biochemical and chemical analyses after 0, 2, 
5, 9, 15, 20 and 30 d exposure, and after 10 d of depuration. 
In the experiment, seawater control, DMSO control and Pyr treatment groups 
were processed at the same time. DMSO control and Pyr treatment tanks contained < 
0.1% (v/v) DMSO which was maintained constant in all treatments for a given 
experiment. 
Thirty individuals were taken at every sampling time. Gills from 24 mussels were 
dissected out, frozen in liquid nitrogen and stored at – 80 ºC until processed for 
biomarker analysis. Studied end-points included BPH activity of the digestive gland and 
AChE, GST and GPx activities of the gills. The remaining 6 individuals from each 
treatment were used for chemical analyses. 
 
3.4.2.3. Chemical analyses in water and mussels 
Hydroxypyrene (OH-Pyr) (99.8 %) and a solution of Pyr in acetonitrile were 
obtained from Dr. Ehrenstorfer (Augsburg, Germany). 2-Methyl-chrysene, used as an 
internal standard, was also from Dr. Ehrenstorfer. 
Anhydrous sodium sulfate for analysis was obtained from Merck and MP 
Alumina B Super I from MP Biomedicals for column chromatography; both were 
activated at 400 °C overnight. The HPLC-grade solvents used (hexane, acetone, 
acetonitrile, and methanol; Merck, Darmstadt, Germany) were concentrated to a small 
volume and tested for PAHs. The water was purified in a Milli-Q Gradient Ultrapure 
Water System (Millipore). 
Each mussel sample was thoroughly homogenized and an aliquot (3–15 g w.w.) 
was extracted in a Soxhlet apparatus using hexane–acetone (3:1 in volume) (Soriano et 
al., 2006; Viñas, 2002; Viñas et al., 2009). The extract was concentrated in a rotary 
evaporator and then cleaned up using column chromatography with deactivated alumina 
with hexane elution. 
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The concentration and composition of the PAHs were determined by high-
performance liquid chromatography fluorescence detector (HPLC-FLD) using a HP 
1100 Series HPLC with a HP 1046 FLD or with wavelength programming (Agilent 
Technologies, Palo Alto, CA, USA). A Vydac 201 TP column (25 cm 9 0.4 cm and 5-
µm particle size; Grace Vydac, Hesperia, CA, USA) was used. 
The elution solvent used was a gradient of methanol and water and the column 
temperature was fixed at 23.5 ºC. The FLD was set to vary the excitation and emission 
wavelengths along the period of the analysis in order to fix the conditions for each 
PAH. A degasser (Agilent Technologies, Palo Alto, CA, USA) was used to eliminate 
the air in the solvents, in order to prevent oxygen quenching effects. 
A multilevel calibration at five points in the range between 2 and 250 µg Kg-1 was 
used. 2-Methyl-chrysene was employed as an internal standard. 
Regular Laboratory Reference Materials (LRM), procedural blanks, blind 
samples, and duplicates were analyzed under the same conditions as the samples. The 
limit of detection, calculated as three times the standard deviation of the mean value of 
six procedural blanks, was found to be 2 ng g-1 w.w for Pyr and 0.5 ng g-1 w.w. for OH-
Pyr. 
Gas chromatography was performed with a Thermo-Finnigan (Waltham, MA, 
USA) Trace GC chromatograph equipped with a GC PAL autosampler, PTV injector 
and coupled to an ion trap mass spectrometer (Polaris Q). Xcalibur was the data 
processor. The system was operated in electron impact mode (EI; 70 eV). The 
separation was achieved with a DB-XLB column (60 m x 0.25 mm, 0.25 µm film 
thickness) (J&W Scientific, Folsom, CA, USA). 
A Silcosteel® liner, with 2 mm of inner diameter, glass wool packed for PTV 
injection was purchased from Thermo Finnigan. MicroliterTM Syringes of 10 and 25 µl 
with 5 mm of needle length were obtained from Hamilton (Bonaduz, Switzerland). 
The GC oven temperature program used was: 50 ºC (3 min), increased by 10 ºC 
min-1 to 325 ºC (held for 20 min). The mass spectrometer (EI; 70 eV) was operated in 
Full scan and SIM (selected ion monitoring) mode. Transfer line temperature was set at 
300ºC and ion source temperature at 280 ºC. The injector was set at 300 ºC and the split 
flow at 40 ml min-1. Helium (99.9999%) was used as the collision gas at the ion trap 
chamber, and as carried gas, under constant flow rate of 1 ml min-1. 
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To determine hydroxypyrene (OH-pyrene) in water samples, the extractions were 
performed by a micro-liquid-liquid extraction using 17 ml of water sample and 500 µl 
of hexane as extracting solvent. In situ derivatization of OH-pyrene in water sample (17 
ml) was performed using acetic anhydride (36 µl) after the addition of sodium hydrogen 
carbonate (NaHCO3) (90 mg), to enhance the acetylation of phenols and because of its 
buffer effect, which would prevent the hydrolysis of acetates in the excess acid/base 
condition. 
Samples were extracted by vortex agitation for 30 min. After the agitation, 
samples were left to stand, and the organic phase was transferred to a 2 ml vial. 25 µl 
were injected in the chromatographic system. 
3.4.2.4. Biomarker analyses 
GST and GPx were analysed in the gills since they are the first organ to be 
exposed to waterborne pollutants and constitute the major entry site for uptake of 
dissolved pollutants. Therefore it is reasonable to expect that the level of oxidative 
processes in this tissue was maximal. In a previous study (Vidal-Liñán and Bellas, 
2013) we found that GST, GPx and AChE activities are higher in gills than in the 
digestive gland of mussels. Gills were homogenized with an Ultra-Turrax, at 1:2 w/v 
ratio, in 0.05 M potassium-phosphate buffer at pH 7.5 containing 2 mM EDTA. 
Samples were centrifuged at 15.000 × g for 15 min at 4-7 ºC. For the analysis of AChE 
activity, the gills were weighed and homogenized with a Potter glass homogenizer at a 
1:2 w/v ratio, in 0.02 M phosphate buffer at pH 7.0 with 0.1% Triton X-100 and 
centrifuged at 10.000 × g for 10 min at 4 ºC. Aliquots of the supernatant were utilized 
for the spectrophotometric determination of activity of the enzymes GST, GPx and 
AChE with an absorbance microplate reader (BiotekELx 808) at a constant temperature 
of 20 ºC. 
GST activities were measured according to Habig et al. (1974), using 1-chloro-
2,4-dinitrobenzene (CDNB) as substrate. The measurement was carried out at 340 nm 
(extinction coefficient, ε= 9.6 mM-1cm-1) in 0.1 M potassium-phosphate buffer at pH 
6.5, 60 mM CDNB and 10 mM GSH. 
GPx activity was measured in a coupled enzyme system where NADPH is 
consumed by glutathione reductase to convert the formed oxidized glutathione form 
(GSSG) to its reduced form (GSH), according to Halliwell and Gutteridge (1999). The 
 
128 
Chapter3.4. Effects of pyrene on molecular biomarkers acetylcholinesterase, glutathione-S-transferase, benzo[a]pyrene 
hydroxylase and glutathione peroxidase in M. galloprovincialis mussels 
 
decrease of absorbance was monitored at 340 nm (ε= 5.598 mM־1 cm־1P) in 0.1 M 
potassium-phosphate buffer at pH 6.5, 10 mM sodium azide (NaNR3R), 40 mM GSH, 20 
unit mlP-1 P glutathione reductase, 2.4 mM NADPH and 2 mM hydrogen peroxide as 
substrate. 
The activity of AChE was spectrophotometrically determined, as described in 
Bocquené and Galgani (1998), by measuring the increase in absorbance of the sample at 
412 nm in the presence of 2.6 mM acetylthiocholine as substrate and 0.5 mM 5,5´- 
dithiobis-2-dinitrobenzoic acid. 
For BPH measurements, each pool of microsomal fractions of digestive glands 
was prepared at 4 °C using differential centrifugation, as described by Michel et al. 
(1994). BPH activity was assessed in digestive gland microsomes by the adapted 
ﬂuorometric method of Michel et al. (1993) for a microplate reader. Following 
incubation with B[a]P, the reaction was stopped by the addition of 10% Triton X-100. 
Fluorescence of the sample was obtained by difference in ﬂuorescence between the 
respective emission: excitation wavelengths of 492:430 nm and 510:430 nm. A known 
amount of 3OH-B[a]P was used as internal standard in all samples to control for 
quenching. 
Protein concentrations in the supernatants were measured according to Lowry et 
al. (1951) by using bovine serum albumin as standard. GPx, GST and AChE activities 
were expressed as nmol min-1 mg-1 of protein, and BPH activities were expressed as 
pmol min-1 mg-1 of protein. 
3.4.2.5. Statistical analyses 
Data normality and homoscedasticity were verified using Shapiro-Wilk and 
Levene’s tests, respectively. Differences among the means of the enzymatic activities in 
seawater control and DMSO control were analysed by the Student’s t-test. Once it was 
verified that there were no significant differences, DMSO control was used as reference.  
In the kinetics experiment one-way ANOVA was conducted to evaluate 
significant (p<0.05) effects of exposure time, and Bonferroni post-hoc test to test the 
significance of differences between treated samples and related DMSO controls. The 
tests were performed using the SPSS statistical package version 15.0 and GraphPad 
Prism software version 4.01. 
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3.4.3. Results and Discussion 
 
3.4.3.1 Results 
Figure 3.4.1 shows the evolution of the Pyr concentrations in mussel soft tissues 
during the 30 d exposure and the subsequent 10 d depuration periods. Pyr 
concentrations rapidly raised from null to extremely high levels (ca. 160 mg Kg-1 ww) 
during the first 10 days of exposure according to a nearly linear pattern. However, 
further exposure produced an inconsistent pattern, with a sharp decrease down to 87 mg 
Kg-1 ww during the next 10 days and a subsequent recovery of maximum levels at day 
30. The evolution of OH-Pyr concentration in the mussel and the OH-Pyr:Pyr ratio are 
also shown. 
 
Figure 3.4.1. Concentration of Pyr (diamonds) and OH-Pyr (squares) in mussels (M. 
galloprovincialis) exposed for 30 days to 100 µg L-1 of Pyr and placed in clean seawater for 10 
further days. The OH-Pyr:Pyr ratio is also shown (broken line). 
 
Figure 3.4.2 A shows the evolution of the BPH activity in the digestive gland of 
the mussels during the same period. It is remarkable the peak in BPH activity between 
days 10 and 20, concomitant to the decrease in Pyr concentrations in the mussels. The 
subsequent lack of BPH activity from day 20 on could explain the change of tendency 
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in bioaccumulated Pyr and the recovery of maximum levels by the end of the exposure 
period. 
 
 
Figure 3.4.2. BPH activity in the digestive gland (A), GST (B) AChE (C), and GPx (D) activities in gills of 
mussels exposed to 100 µg L-1 of Pyr during 30 days and after 10 days recovery in clean seawater. Open and close 
symbols represent DMSO control and treatment, respectively. Values show mean ± standard deviation (n=6). 
Asterisks indicate significant differences with respect to DMSO control (Bonferroni test; * p<0.05; ** p<0.01; *** 
p<0.001). 
 
During the 10 day depuration Pyr concentration in the mussel drops down to 17% 
of the initial value. This depuration does not seem to be majorly driven by 
biotransformation, since BPH activity show nearly basal values and the OH-Pyr 
concentration in mussel does not increase. In fact, this part of the Pyr concentration 
evolution can be successfully explained using the depuration rate constant obtained 
from a first order kinetic model (Kd= 0.307 d-1), which is normally applied to chemicals 
that can be internalised/externalised by passive diffusion with no saturation kinetics 
(Depledge and Rainbow, 1990). 
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Figure 3.4.2 B,C,D show the GST, AChE and GPx activities in gills of mussels 
exposed to 100 µg L-1 of Pyr for 30 d, plus a 10 d depuration period. For the three 
biomarkers, baseline levels are comparable with those obtained in wild mussels from 
pristine areas of the NW Iberian coast (Vidal-Liñán et al., 2010; Vidal-Liñán and Bellas 
2013).  
Short term exposure of mussels to Pyr significantly inhibited the AChE activity, 
but this effect disappeared after day 9 due to the fall in AChE activity in unexposed 
control individuals. In our knowledge this is the first report of this inhibition caused by 
Pyr, and it is in line with previous findings for BaP effects in mussel (Akcha et al., 
2000; Banni et al., 2010).  
No effect of Pyr was found on GST nor GPx activities in the mussel gills. This is 
in contrast with the induction caused by BaP in mussel hepatic GST (Cheung et al., 
2004; Banni et al., 2010) and gill GPx (Cheung et al., 2004; Maria and Bebianno, 2011). 
However, no effects on GST have also been reported (Akcha et al., 2000). Maria and 
Bebianno (2011) found organ specificity in the responses of both GPx and GST to BaP 
exposure, with induction in gills but not in the digestive gland in M. galloprovincialis. 
BPH activity showed a dramatic ten-fold increase just after maximum levels of 
Pyr in the mussel tissues are reached, after 10 days exposure, and concomitantly Pyr 
concentrations in the mussel tissues decrease by about a half. By day 20, though, BPH 
activity drops to initial values and Pyr concentration in the mussel rises again. This 
pattern would be consistent with the activation of BPH expression above a threshold 
level of hydrocarbon in the mussel. Unfortunately the exposure period did not last long 
enough to further test this hypothesis, since after day 30 mussels were transferred to 
clean seawater and as a result Pyr concentrations decreased to nearly background levels. 
Throughout the experiment, the levels of OH-Pyr in the mussels followed a 
similar pattern, but with levels approximately three orders of magnitude lower than 
those for Pyr. Interestingly, the OH-Pyr / Pyr ratio (Figure 3.4.3) was not constant, but a 
direct function of Pyr accumulation, pointing again at an active mechanism of 
hydroxylation regulated as a positive function of bioaccumulated Pyr levels. The 
interpretation of the results is limited though, by the fact that OH-Pyr is only one of the 
several phase I metabolites originated during the biotransformation of Pyr, and they 
would accumulate according to patterns dependent on the kinetics of the different 
enzymes involved. Fernández et al. (2012) found that mussels from polluted harbour 
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areas with elevated PAHs contents showed also the highest values of BPH activity, and 
laboratory experiments confirmed that exposure to BaP induced increased BPH activity 
(Michel et al., 1993; Banni et al., 2010). 
 
 
Figure 3.4.3. The OH-Pyr:Pyr ratio as a function of the concentration of Pyr in the 
mussel soft tissues. 
 
In conclusion, mussels showed moderate bioaccumulation of Pyrene compared to 
the other tested compounds, likely due to biotransformation ability through phase I 
enzymes. No effects of pyrene on GST and GPx were detected, whereas a moderate 
inhibition of AChE was found.  
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3.5. Conclusions 
1. This study confirmed that BDE-47 tends to accumulate in mussels (BCF=10900 
L Kg-1 ww) due to their low capacity for depuration (Kd=0.081 ± 0.067 day-1), which 
suggests that M. galloprovincialis have a limited capability for the biotransformation of 
this compound. 
2. AChE was the biomarker that yielded the highest sensitivity to BDE-47, 
showing significant inhibition at all concentrations tested after 30 d exposure. 
Nevertheless, this inhibition was reversible, and this enzyme recovered the pre-exposure 
levels after the 10 d depuration period. 
3. The toxic effect of BDE-47 was also revealed by the inhibition of the GST at 
long exposure times and by the increased oxidative stress suggested by the induction of 
GPx at low concentrations. 
4. The BCF calculated for PCB-153 was 9324 L Kg-1, and low capacity for 
elimination of this compound (Kd=0.083 d-1) was obtained. 
5. PCB-153 did not affect AChE, but significantly inhibited GST activity in all 
concentrations after 30 days of exposure, and significantly induced GPx activity in all 
concentrations depending on exposure time. 
6.  Accumulation of 4-NP in mussels seems to be moderate compared to other 
organic pollutants (BCF=6850 L Kg-1), due to their capacity for elimination of this 
compound (Kd=0.248 d-1). 
7. The biotransformation seems to involve GST, which is significantly induced in a 
dose:response pattern with 4-NP exposure. 
8. The GST was the most sensitive biomarker, responding to concentrations from 
50 µg L-1 of 4-NP (corresponding to a concentration in mussels of 282 µg g-1 dw), and 
showing increased induction as exposure time increased. 
9. The bioaccumulation of Pyrene by mussels did not fit to a first order kinetics 
model, because BPH activity dramatically increased above a threshold of about 160 mg 
Kg-1 ww, and Pyr concentration decreased.  
10. GST and GPx were not affected by the exposure to 100 µg L-1 Pyrene, whereas 
AChE activity was significantly inhibited in the short term (5 days), but this effect 
disappeared at longer exposure times. 
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passive pollution monitoring programs. 
 
 
Summary 
Biological tools, including enzymatic biomarkers, currently constitute an essential 
part of environmental pollution monitoring programs. Marine mussels are used world-
wide in both passive (using native organisms) and active (using transplanted organisms) 
monitoring programs. In the present chapter three enzymatic biomarkers studied in the 
previous chapters (GPx, GST and AChE) were used for (a) investigative pollution 
monitoring based on transplanted mussels, in two of the largest ports in the North 
Atlantic coast of Spain (Vigo and Pasaia), and (b) passive surveillance pollution 
monitoring of the North Atlantic Spanish coast within the frame of the Spanish Marine 
Pollution Monitoring program carried out by the Spanish Oceanographic Institute 
(Instituto Español de Oceanografía, IEO). In both cases an integrative approach was 
developed, and the biomarkers were measured concurrently with other chemical and 
ecotoxicological variables (sediment chemistry, mussel bioaccumulation, physiological 
biomarkers and bioassays). This scheme allowed the classification of the sampling sites 
on the basis of multivariate analysis, and validated the usefulness of the biological tools 
developed in the previous chapters within a practical approach of coastal pollution 
monitoring. 
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Hypothesis 
The quality of the active and passive coastal pollution monitoring programs can 
be improved by adding a third set of data concerning the enzymatic activities of the 
biomarkers selected in the previous chapters, to the sediment chemistry and mussel 
bioaccumulation data. The overall dataset will allow, by means of multivariate 
statistical analysis, the classification of sampling sites into categories of environmental 
status. 
 
Objectives 
1. To measure the enzymatic activities of a battery of selected biomarkers (GST, 
GPx and AChE) in mussels transplanted along gradients of chemical pollution in harbor 
areas. 
2. To conduct an integrative assessment of the pollution status of coastal areas 
based on monitoring of native mussel populations, including the battery of biomarkers 
selected in the previous chapters. 
3. To identify the chemical pollutants potentially responsible for the patterns of 
response obtained for the battery of selected enzymatic biomarkers. 
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4.1. Glutathione S-Transferase, Glutathione peroxidase and 
Acetylcholinesterase activities in mussels transplanted to harbour 
areas 
 
 
4.1.1. Introduction 
Due to the limited ecological relevance of the traditional approach to pollution 
monitoring, based solely on the amounts of chemicals analysed in the laboratory, 
current coastal monitoring programmes encompass biological techniques that allow the 
linkage between pollutant levels and their harmful effects on representative marine 
organisms (e.g. OSPAR Commission, 2008/2009). Among the biological techniques 
available, the measurement of the activity of enzymatic biomarkers is particularly 
useful, because they represent a quantitative assessment of the effects of contaminants, 
provided a clear reference system to interpret their results is defined (Sanchez and 
Porcher, 2009). One of the several advantages of the biomarkers is that they serve as an 
early warning system because they can detect intermittent pollution and subtle 
disruption (Thain et al., 2008). 
Sessile, filter-feeding bivalves, such as Mytilus spp., have been widely used in 
coastal pollution studies. Glutathione S-transferase (GST) and glutathione peroxidase 
(GPx) activities in mussels were proposed as biomarkers of chemical pollution due to 
their increased activity in mussels from polluted sites in the Galician coast and, in the 
case of GST, its low seasonal variability compared to other detoxification enzymes 
(Vidal-Liñán et al., 2010). Acetylcholinesterase (AChE) was also considered since its 
inhibition has been used in some coastal bio-monitoring programmes as a biomarker of 
exposure to neurotoxic substances in bivalves (e.g. Mora et al., 1999), and assessment 
criteria for the interpretation of its activity levels in mussels have been developed 
(ICES, 2011). 
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Recent papers (Bocchetti et al., 2008; Tsangaris et al., 2010) show that active 
biomonitoring, which can be defined as the translocation of organisms from one place 
to another and the quantification of their biochemical, physiological and/or organismal 
responses for the purpose of water quality monitoring (De Kock and Kramer, 1994; 
Cappello et al., 2013), have several advantages over the passive chemical monitoring, 
such as the use of physiologically homogeneous biological material and controlled 
exposure conditions. Active biomonitoring can be as well a suitable solution for the 
assessment of pollution effects in zones where sentinel organisms are not available 
(Bellas et al., 2007). 
This paper reports part of the results of a comprehensive pilot study conducted in 
two of the largest ports in the North coast of Spain (Vigo and Pasaia), aimed at linking 
chemical and biological tools of monitoring, and testing the potential of mussel 
biomarkers in the integrative assessment of chemical pollution in marine ecosystems. 
The study included sediment chemistry, active monitoring with transplanted mussels, 
bioaccumulation, enzymatic biomarkers, accumulation in semi-permeable devices, in-
situ embryo-larval bioassays, laboratory elutriate and whole sediment bioassays, and 
imposex monitoring in gastropods. This paper will focus on the bioaccumulation and 
biomarker activities in the transplanted mussels. 
 
4.1.2. Materials and methods 
4.1.2.1. Survey area and sampling locations 
The port of Vigo, shipping 1.68 million cargo tons per year, is located in the south 
coast of Ría de Vigo (NW Iberian Peninsula). The uses of the basins, as well as the land 
and storage areas, are cargo, fishing, passengers, shipbuilding and several yacht clubs 
(http://www.apvigo.com). 
The Pasaia harbour, with a traffic of 3.47 million cargo tons per year, mainly 
scrap for the steel industry and coal, is located in the industrial area of the Oiartzun 
Estuary (Basque Country, N Iberian Peninsula) (http://www.puertopasajes.net). 
Dredging activities, to maintain the adequacy of navigation channels and the building of 
port infrastructures, have resulted in profound physical changes of the natural 
environment (Tueros et al., 2009).  
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Field work was conducted in June and July 2008. Sediments were sampled with a 
Van Veen grab from a boat. The first 3 cm were collected in sealed polyethylene bags, 
carried in ice-boxes to the laboratory, frozen and freeze-dried for chemical analyses. 
Mussels (5.68±3.8 cm shell length) were obtained from reference sites outside harbour 
areas (Canido in Ría de Vigo (V0 in Vidal-Liñán et al., 2010), and Hondarribia in 
Pasaia (22 in Marigómez et al., 2013), kept on running sea water in the laboratory for 2 
days, and transplanted to the experimental sites inside the harbour areas for 4 weeks. 
The mussel populations sampled belong to Mytilus galloprovincialis species, but no 
genetic identification was conducted. Mussels were placed into cotton elastic net 
bondages (1 cm mesh size) attached to square plastic frames (1 m side), and anchored at 
2 m depth in each site. The sex of each mussel was not identified. In Vigo (Figure 
4.1.1), 5 sampling sites were located in the Port of Vigo, in areas subjected to different 
industrial activities: shipyards (Vi1 and Vi2), fisheries (Vi3), recreational marinas (Vi4) 
and a container transport area (Vi5). The control site (Vi0) was located outside the Port, 
at the inner part of the estuary. In Pasaia, (Figure 4.1.1), sampling sites included a 
control site (Pa0), located outside the bay, one site in the entrance channel (Pa1), and 
the rest of sampling sites were situated in areas with different industrial activities: Pa2 
close to a wastewater outlet, Pa3 in a recreational dock, Pa4 close to a scrap deposit, and 
Pa5 in the vicinity of a thermal power station and a shipyard. 
After 4 weeks deployment 100 mussels per site were collected, 64 for all chemical 
analyses, 24 for measurement of enzymatic activities, and 12 for condition index (CI). 
Mussels were transported in an ice-box to the laboratory, and gills were dissected within 
2 h of collection, frozen in liquid nitrogen and stored at -80ºC until enzymatic 
measurements. CI was calculated as the ratio: soft tissue dry weight (g) / shell dry 
weight (g) (Mann and Glomb, 1978). 
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Figure 4.1.1. Location of the experimental sites in Vigo and Pasaia harbours (Spain). The 
insert shows the Iberian Peninsula and the location of both harbours are marked with 
rectangles. 
 
4.1.2.2. Chemical analysis 4.1.2.2.1. Sample treatment 
Sediments and mussels were treated as mentioned in Cortazar et al. (2008). 
Mussels were dissected to separate the soft tissues from the shells and around twenty 
individuals were homogenised and freeze-dried. Sediments were freeze-dried and sieved 
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at two particle sizes (< 63 µm and 63-250 µm). Freeze-dried samples (mussel 
homogenates and sediments) were kept at 4ºC until analysis. 4.1.2.2.2. Metal analyses in sediment and mussels 
The analytical procedure was described in a previous work (Navarro et al., 
2006a). In brief, 0.2 g of freeze dried material was accurately weighed and transferred 
into the teflon extraction vessel together with 15 ml HNO3 (7.0% v/v). The extraction 
vessel was placed in the microwave oven (3000 S microwave assisted system, Anton 
Paar, Austria) and the digestion program was run (power = 450 W, time = 18 min, 
magnetic stirring). All of the acid extracts were filtered through Millex-HV 
polyvinylidene fluoride (PVDF) 0.45-µm filters (Millipore, Carrigtwohill, County Cork, 
Ireland) and diluted to 25 ml with Milli-Q water. All samples and standards were 
prepared in 1% HNO3 medium. ICP-MS measurements were performed with an Elan 
9000 (Perkin Elmer, Walthman, MA) instrument using a Ryton cross-flow nebulizer, a 
Scott-type double-pass spray chamber, and standard nickel cones. The instrument 
operating details are given elsewhere (Bartolomé et al., 2009). 4.1.2.2.3. Polycyclic aromatic hydrocarbons and polychlorinated biphenyls in sediment and mussels 
The protocol for the determination of PAHs and PCBs is thoroughly described in 
the works of Bartolomé et al. (2005) and Navarro et al. (2006b). Briefly, 1.0 g of dry 
sediment or 2.0 g of dry mussel sample were accurately weighed; 25 µl of a mixture of 
acenaphthene-d10, chrysene-d12 and phenanthrene-d10 at 20 µg ml-1 in acetone as 
internal surrogates, and 15 ml of acetone (HPLC, Lab-Scan) as extracting solvent, were 
added before submitting to microwave assisted extraction (MDS2000, CEM, Matthews, 
NC, USA). In the case of sediment samples, 1 g of activated copper was added in order 
to eliminate sulphur from the extract. The extract was filtered and evaporated to ca. 1 ml 
of iso-octane using nitrogen blow-down evaporation. The iso-octane extract was loaded 
onto 5 g Florisil cartridge (Supelco, Bellefonte PA, USA) that had been previously 
conditioned with 5 ml of n-hexane. The elution solvent was 25 ml of n-hexane: toluene 
(80:20 v/v) mixture to elute both PAHs and PCBs. The eluates were concentrated to 
dryness, re-dissolved in 250 µl of iso-octane and kept in the dark at 18ºC until analysis.  
The extracted compounds were analysed on a 6890N GC coupled to a 5973N 
mass spectrometer (MS) with a 7683 autosampler (Agilent). Two microlitres of the 
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sample were injected in the splitless mode (2 min) at 270ºC into a 30 m length, 0.25 mm 
internal diameter, 0.50 µm film HP-5MS capillary column. The temperature programme 
was as follows: 60ºC for 2 min, increase by 10ºC min-1 to 290ºC, with a final hold for 
10 min. The carrier gas was helium (C-50) and was kept at a constant flux of 1.5 ml 
min-1 for PAHs and PCBs. The mass spectrometer was operated in the electron impact 
ionisation mode at 70 eV. The interface was kept at 300ºC, and the ionisation source 
and the quadrupole were kept at 230 and 150ºC, respectively. Measurements were 
performed in the selection ion monitoring mode. 4.1.2.2.4. Chemical Pollution Index and Mussel Bioaccumulation Index 
The Chemical Pollution Index (CPI) that summarizes the chemical pollution of 
the sediments was calculated according to Bellas et al. (2011). For each chemical, 
contamination factors (CF) were calculated as: 
CF = log (C/Ccrit) 
where C is the measured concentration in the sediment and Ccrit is the sediment 
quality criteria (SQC): TEL (Threshold Effect Level) for PAH and ERL (Effect Range 
Low) for the other pollutants (Long et al., 1995; MacDonald et al., 1996).  
Therefore, the CPI was calculated for each site as: 
CPI = Σi CFi = Σi (log (Ci /Ccrit i)) 
where i are the n=18 analytes for which SQC were available. 
Unlike the raw data, the CFs are dimensionless, normally distributed magnitudes 
(Beiras et al., 2012) and the CPI conveniently takes positive values when pollutants 
exceed on average the quality criteria and negative values otherwise. Similarly, a mussel 
Bioaccumulation Index (MBI) was calculated as the average of the ratios between final 
(after 30 days exposure) and initial pollutant concentration expressed as logarithms. 
4.1.2.3. Enzymatic activities 
GST and GPx were analysed in the gills, which were dissected, weighed and 
homogenized with an Ultra-Turrax homogenizer, at 1:2 w/v ratio, in 0.05 M potassium-
phosphate buffer at pH 7.5 containing 2 mM EDTA. Samples were centrifuged at 
15,000 × g for 15 minutes at 4-7ºC. For the analysis of AChE activity, the gills were 
 
144 
Chapter 4.1. Glutathione S-Transferase, Glutathione peroxidase and Acetylcholinesterase activities in mussels transplanted to 
harbour areas 
 
weighed and homogenized with a Potter glass homogenizer at a 1:2 w/v ratio, in 0.02 M 
phosphate buffer at pH 7.0 with 0.1% Triton X-100 and centrifuged at 10,000 × g for 10 
minutes at 4ºC. Aliquots of the supernatant were utilized for the spectrophotometric 
determination of activity of the enzymes GST, GPx and AChE with an absorbance 
microplate reader (Biotek ELx 808) at a constant temperature of 20ºC. 
GST activities were evaluated, according to Habig et al. (1974), using 1-chloro-
2,4-dinitrobenzene (CDNB) as substrate. The measurement was carried out at 340 nm 
(extinction coefficient, ε= 9.6 mM-1cm -1) in 0.1 M potassium-phosphate buffer at pH 
6.5, 60 mM CDNB and 10 mM glutathione (GSH). 
GPx activity was measured in a coupled enzyme system where NADPH is 
consumed by glutathione reductase to convert the formed oxidized glutathione form 
(GSSG) to its reduced form (GSH) according to Halliwell and Gutteridge (1999). The 
decrease of absorbance was monitored at 340 nm (ε= 5.598 mM-1cm-1) in 0.1 M 
potassium-phosphate buffer at pH 6.5, 10 mM sodium azide (NaN3), 40 mM GSH, 20 
unit ml -1 glutathione reductase (GR), 2.4 mM NADPH and 2 mM hydrogen peroxide as 
substrate. 
The activity of AChE was spectrophotometrically determined, as described in 
Bocquené and Galgani (1998), by measuring the increase in absorbance of the sample at 
412 nm in the presence of 2.6 mM acetylthiocholine as substrate and 0.5 mM 5,5´- 
dithiobis-2-dinitrobenzoic acid (DTNB). 
Protein concentrations in the supernatants were measured according to Lowry et 
al. (1951) by using bovine serum albumine (BSA) as standard. All the enzymatic 
activities are expressed as nmoles min-1 mg -1 of protein. 
4.1.2.4. Statistical methods 
One way ANOVA was used to test the effect of location, and Dunnet’s post-hoc 
test identified sites significantly different to the reference station. Correlation analyses 
were performed between chemical and biochemical data using the Pearson’s correlation 
coefficient after logarithmic transformation of concentrations. These tests were 
performed using the SPSS statistical package version 15.0 and GraphPad Prism 
software version 4.01. 
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Multivariate redundancy analysis (RDA) was performed to explore the relation 
between the chemical and the biological variables, using the enzymatic activities and 
condition index as dependent matrix, and the chemical data as explanatory matrix. The 
inter-sample Euclidian distances were used to calculate the association matrix. Since 
RDA is a parametric method that requires homoscedasticity and normal distribution of 
the residuals (Gotelli and Ellison, 2004), this was achieved by typification of the 
biological variables and logarithmic transformation of the concentrations. To avoid a 
too shallow explanatory matrix (Legendre and Legendre, 1998), chemical data were 
summarized as: sediment CPI, sum of low and high molecular weight PAHs in mussels, 
sum of PCBs and the individual metal concentrations in mussels. The significance of 
the RDA canonical axes was tested by the Monte-Carlo permutation test, using an 
unrestricted number of permutations. Multivariate RDA analysis was conducted using 
CANOCO v.4.5 statistical software. 
The relationships between the biological data matrix (i.e. biomarkers) and the 
chemical data can be studied by another multivariate regression approach: partial least 
squares (PLS), which is especially useful when the raw data is highly collinear 
(Brereton, 2003). PLS analysis allows the integration of the depending matrix (i.e. 
biomarkers) either individually (PLS1 approach, one model per biomarker) or 
simultaneously (PLS2 approach, one model for all biomarkers). In this way it is possible 
to describe the observed variations efficiently and to link the observed effects with the 
most likely stressing chemical parameters with measurable prediction ability (Eide et 
al., 2002).  
As in the previous treatment, the PLS analysis requires some data pre-processing 
in order to adequate the raw data (whether it is necessary a log transformation in X 
and/or in Y or not) or the regression technique (PLS1 vs. PLS2). In this particular case, 
the preliminary results showed that the logarithmic transformation of the chemical data 
matrix was not required and both PLS1 and PLS2 models were built satisfactorily. All 
these treatments have been carried out with The Unscrambler (v. 9.2, Camo, Norway). 
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4.1.3. Results 
4.1.3.1. Chemical analysis, CPI and MBI  4.1.3.1.1. Sediment pollution 
Sediment samples showed high percentages of fine fraction (from 32.0 to 83.4%) 
and organic contents (from 2.4 to 9.2%), except for Pa0, which was a sandy sediment 
(0.8% fine fraction and 0.3% organic matter) (Figure 4.1.2). Except for cadmium, most 
sediment samples exceeded the TEL or ERL criteria for metals, PAHs and PCBs. 
Furthermore, Vi1, Vi2 and Vi4 in Vigo, and Pa2 and Pa4 in Pasaia, frequently exceeded 
the PEL (Probable Effect Level) or ERM (Effect Range Median) criteria. The CPI value 
was >1 in Vi2 and Pa2, ranged between 0.75 and 1 in Vi1, Vi4 and Pa4, between 0.5 
and 0.75 in Vi0, Vi3, Vi5, Pa3 and Pa5, and was <0.5 in Pa0 and Pa1 (Figure 4.1.2). 
 
  
 
Figure 4.1.2. Sediment chemical pollution index (CPI) in the experimental sites of Vigo harbour (left) and Pasaia 
harbour (right). See text for details. 
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Table 4.1.1. Concentrations of trace metals, Naphthalene (N), Acenaphthylene (Aci), Acenaphthene (Ace), Fluorene (Flu), Phenanthrene (Phe), Anthracene (Ant), Fluoranthene 
(Fla), Pyrene (Pyr), Benzo[a]anthracene (B[a]A), Chrysene (Cry), Benzo[a] pyrene (B[a]P), Dibenz[a,h] anthracene (D[ah]A), sum of polychlorinated biphenyls (ΣPCBs), % fine 
fraction (F) and % organic matter (OM) in sediments. Values exceeding the TEL/ERL criteria are marked in italics and those exceeding the PEL/ERM criteria are marked in bold. 
The metal concentrations are reported in μg g-1 dry weight and organic compounds concentrations are reported in ng g-1 dry weight. Analyses were conducted by duplicate. 
 
Sites Cu Zn Pb Cd Hg N Aci Ace Flu Phe Ant Fla Pyr B[a]A Cry B[a]P D[ah]A ΣPCBs %F %O.M 
Vi0 81.5 216.6 96.8 0.3 0.5 107.2 148.2 46.1 82.1 520.3 148.3 1459.6 1056.9 656.9 735.3 587.3 267.1 240.2 50.5 7.15±0.2 
Vi1 751.3 681.2 129.7 0.7 0.8 159.6 73.3 193.0 140.6 1073.6 224.2 1955.0 1760.3 926.7 1101.9 1172.4 539.8 2044.6 54.5 7.78±0.05 
Vi2 715.2 1252.4 185.4 0.9 1.4 181.0 115.3 290.1 188.1 1503.8 584.7 2972.3 3713.3 1332.2 1638.9 2600.5 1105.8 6860.7 54.6 5.25±0.05 
Vi3 139.1 318.4 125.8 0.5 0.6 156.9 72.0 74.2 100.4 743.0 188.3 1082.8 1116.5 557.2 599.7 588.8 260.1 944.0 65.9 6.3±0.1 
Vi4 203.8 319.8 155.6 0.4 1.3 274.8 118.2 66.5 128.5 968.4 260.8 1651.2 1519.6 901.7 922.4 928.5 448.5 514.2 63.5 7.78±0.05 
Vi5 98.8 418.0 107.3 0.4 0.4 125.6 44.5 53.2 77.3 542.6 97.6 1022.9 851.5 425.0 519.1 452.8 203.5 383.1 51.2 6.3±0.1 
Pa0 33.0 378.4 66.9 0.4 0.4 209.6 27.1 31.9 76.5 193.2 28.9 234.2 210.3 163.8 151.9 131.8 34.5 155.6 0.8 0.31±0.06 
Pa1 51.7 289.2 99.9 0.4 0.5 136.7 21.5 24.3 58.6 218.9 36.0 341.4 309.6 193.1 205.1 197.1 85.0 449.7 38.0 2.4±0.2 
Pa2 257.0 861.1 175.5 1.0 0.8 413.7 101.9 313.5 670.2 2787.8 834.5 3553.1 2715.6 1335.7 1526.8 1046.7 405.6 2494.3 32.0 9.2±0.1 
Pa3 107.2 546.0 163.7 0.8 0.7 276.1 39.5 43.7 93.2 502.2 108.7 608.2 698.5 396.3 426.0 478.3 183.7 1118.2 83.4 6.6±0.2 
Pa4 107.1 813.9 220.9 2.4 0.5 289.7 44.0 59.7 136.9 906.9 177.9 1128.4 1093.6 569.5 680.3 563.6 239.5 1515.6 77.9 6.1±0.2 
Pa5 122.8 414.8 97.0 0.8 0.5 194.2 28.3 66.1 172.0 668.9 40.8 647.8 697.9 269.0 507.5 57.9 102.4 1671.4 54.4 4.1±0.1 
TEL/ERL 34.0 150.0 46.7 1.2 0.2 34.6 5.9 6.7 21.2 86.7 46.9 113.0 153.0 74.8 108.0 88.8 6.2 22.7     
PEL/ERM 270.0 410.0 218.0 9.6 0.7 391.0 128.0 88.9 144.0 544.0 245.0 1494.0 1398.0 693.0 486.0 763.0 135.0 180.0     
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Table 4.1.2. Concentrations of trace metals, Naphthalene (N), Phenanthrene (Phe), Anthracene (Ant), Fluoranthene (Fla), Pyrene (Pyr), Benzo[a]anthracene (B[a]A), 
Chrysene (Cry), Benzo[a] pyrene (B[a]P), Indeno [cd] pyrene (I[cd]P), Benzo [ghi] perilene (B[ghi]P), sum of polychlorinated biphenyls (ΣPCBs) and condition index (CI) in 
mussels. The trace metal concentrations are reported in μg g-1 dry weight and organic compounds concentrations are reported in ng g-1 dry weight. In both cases data 
correspond to duplicate analysis of pools of 20 individuals. < D.L under detection limit. 
Sites Cu Zn Pb N Phe Ant Fla Pyr B[a]A Cry B[a]P I[cd]P B[ghi]P Σ7CBs CI 
CAN 4.62 345.32 0.80 53.84 22.46 0.50 10.88 17.19 22.26 2.00 13.24 5.00 4.00 14.9 n.m 
Vi0 5.73 191.21 1.71 47.67 79.48 < D.L. 95.1 38.4 23.7 23.3 15.0 < D.L. < D.L. 105.8 0.110±0.018 
Vi1 30.52 372.93 3.67 51.22 88.46 27.41 97.7 90.0 44.7 136.3 35.7 16.4 18.0 1021.1 0.080±0.015 
Vi2 50.16 315.04 2.49 47.46 85.36 7.84 94.0 57.9 36.1 115.1 37.5 11.5 10.5 546.3 0.091±0.032 
Vi3 7.82 255.96 1.52 55.34 78.63 < D.L. 118.1 23.5 24.9 35.3 16.9 < D.L. < D.L. 150.6 0.094±0.021 
Vi4 35.02 275.18 2.37 67.65 60.54 < D.L. 49.3 44.7 24.4 22.3 20.0 < D.L. < D.L. 145.4 0.086±0.026 
Vi5 17.30 270.37 1.96 80.71 59.21 < D.L. 43.3 19.6 20.2 16.6 16.5 2.2 1.0 176.0 0.079±0.026 
HON 4.75 221.60 1.77 20.52 87.04 9.89 107.1 73.9 44.9 29.0 50.6 15.7 4.0 249.5 n.m 
Pa0 4.29 132.41 1.17 50.80 < D.L. < D.L. < D.L. 17.2 26.3 < D.L. 10.6 < D.L. 13.5 120.6 0.093±0.022 
Pa1 5.52 132.07 3.22 59.37 1.40 < D.L. 1.9 65.2 41.5 41.5 10.0 1.6 22.8 632.4 0.110±0.032 
Pa2 9.37 171.03 1.78 54.18 17.45 < D.L. 40.2 138.9 42.5 70.9 11.8 < D.L. 21.6 243.7 0.095±0.039 
Pa3 6.72 209.54 4.47 64.00 27.43 < D.L. 120.0 158.2 83.4 105.5 12.2 10.6 34.1 875.9 0.077±0.020 
Pa4 6.71 249.93 5.46 58.93 31.96 < D.L. 65.4 130.3 70.9 120.1 15.4 16.6 41.6 973.0 0.091±0.020 
Pa5 8.43 188.28 3.92 65.21 30.02 < D.L. 90.0 217.0 116.0 187.7 14.9 21.8 51.6 951.8 0.076±0.014 
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  4.1.3.1.2. Mussels bioaccumulation 
The native mussels used for transplantation in Vigo (CAN) showed low levels of 
metals, PAHs and PCBs. In contrast, the native mussels from the Basque Country 
(HON) showed relatively high background levels of PAHs. However, PAH values were 
below OSPAR Environmental Assessment Criteria (EACs), which indicate pollutant 
concentrations below which no chronic effects are expected to occur in marine species, 
including the most sensitive species (OSPAR Commission, 2009). After transplantation, 
mussels placed in Vi1, Vi2, Pa4 and Pa5 showed the highest levels of bioaccumulation 
(Table 4.1.2). The condition index was maximum in the reference sites (Vi0 and Pa0), 
Pa1 and Pa2, and minimum in Vi1, Vi5, Pa3 and Pa5.  
MBI values followed a similar pattern than CPI in Vigo sampling sites (Figure 
4.1.3), but in Pasaia, where initial concentrations of organics were high, the pattern was 
different. Mussels transplanted to Pa0 and Pa1 depurated their contents of organics, 
causing negative MBI values, and mussels transplanted to Pa2, surprisingly, showed 
very low bioaccumulation (Figure 4.1.3).  
  
 
Figure 4.1.3. Mussel bioaccumulation index (MBI) in the experimental sites of Vigo harbour (left) and Pasaia 
harbour (right). See text for details. 
 
4.1.3.2. Molecular biomarkers 
The mussel GST activity was significantly induced in Vi1, Vi2 and Pa2, after the 
transplantation period, compared to the reference sites (Figure 4.1.4A and B). The 
largest increase in GST activity took place in Vi2. The GPx activity was significantly 
induced in Vi2 and Pa5 (Figure 4.1.4C and D). The AChE activity was significantly 
inhibited in Vi1, Vi2, Vi4 and Pa2 (Figure 4.1.4E and F). 
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Figure 4.1.4. Glutathione S-Transferase activity in gills of mussels transplanted in Pasaia (A) and Vigo (B) 
harbours. Glutathione Peroxidase activity in gills of mussels transplanted in Pasaia (C) and Vigo (D) harbours. 
Acetylcholinesterase activity in gills of mussels transplanted in Pasaia (E) and Vigo (F) harbours. Values are mean 
± standard deviation. Twelve mussels were used for each analysis. Asterisks indicate significant differences with 
respect to the reference site (* p<0.05; ** p<0.01; *** p<0.001). 
 
4.1.3.3. Integrative assessment 
The integrative approach followed in this study allows interpretation of the 
biological variables with respect to chemical variables. Mussel GST activity was 
significantly correlated with the sediment CPI (p<0.01), mussel MBI (p<0.05), B[a]P 
(p<0.01) and Cu (p<0.05) concentrations in mussels (Figures 4.1.5A and B). GPx 
activity was significantly correlated with the mussel MBI (p<0.05) and B[a]P (p<0.05) 
(Figure 4.1.5C). AChE activity showed a significant negative correlation with the 
sediment CPI (p<0.01) (Figure 4.1.5D) and mussel Cu concentration (p<0.01) (Figure 
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4.1.5E). According to the correlation matrix (Table 4.1.3) the MBI depends mainly on 
the final concentration of phenantrene, benzo[a]pyrene, copper and zinc in the mussels. 
Figure 4.1.5. GST activity as a function of either sediment chemical pollution index (CPI, closed circles) or mussel 
bioaccumulation index (MBI, open squares) (5A). Figure 5B shows GST activity as a function of either log copper 
concentration (µg/g d.w.; open squares) or log benzo[a]pyrene (closed circles) concentration in the mussel soft 
tissues. Figure 5C shows GPx activity as a function of the mussel bioaccumulation index (MBI, closed circles) or log 
benzo[a]pyrene concentration (open squares). Figure 5D shows AChE activity as a function of the mussel 
bioaccumulation index (MBI). Figure 5E shows AChE activity as a function of the log copper concentration in the 
mussel soft tissues.  
log Copper concentration
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
AC
hE
 (n
m
ol
/m
in
/m
g 
P)
4
6
8
10
12
14
16
18
20
22
y = - 11.675x + 26.182
r2= 0.6169
AC
hE
 (n
m
ol
/m
in
/m
g 
P)
 
y = 2.2798x – 0.9667
r2= 0.3498;p=0.043
y = 1.4468x + 1.4183
r2= 0.3924;p=0.029
 
y = - 14.622x + 24.344
r2= 0.5415; p=0.006
 
y = 35.183x + 45.837
r2= 0.3818; p=0.032
y = 52.22x + 18.194
r2= 0.6274; p=0.002
 
y = 71.217x – 31.341
r2= 0.5616; p=0.005
y = 34.2x + 19.467
r2= 0.4809; p=0.012
A B 
C 
D E 
 
152 
Chapter 4.1. Glutathione S-Transferase, Glutathione peroxidase and Acetylcholinesterase activities in mussels transplanted to harbour areas 
 
Table 4.1.3. Pearson correlation coefficients between molecular biomarkers, sediment chemical pollution index (CPI), mussel bioaccumulation index (MBI) and concentrations of 
organics and trace metals in mussels. Asterisk indicate p<0.05 (*), p<0.01 (**) or p<0.001 (***). N indicates the number of sampling sites. N was 7 to 12 for chemical analysis and 12 
for biomarkers. 
 GST GPx AChE CPI MBI Phe Fla Pyr B[a]A Chr B[a]P I[cd]P B[ghi]P Σ7PCB Cu Zn Pb 
GST  0.133 -0.692 0.792 0.594 0.343 0.248 0.158 -0.071 0.330 0.749 0.384 0.085 0.151 0.693 0.493 -0.008 
  * ** *      **    *   
GPx   -0.030 0.203 0.627 0.462 0.379 0.152 0.219 0.242 0.591 0.522 -0.007 0.258 0.531 0.536 0.287 
    *      *       
AChE    -0.736 -0.400 -0.243 -0.013 -0.013 0.290 0.058 -0.563 -0.028 0.365 0.043 -0.785 -0.512 0.049 
   **           **   
CPI     0.657 0.514 0.482 0.350 0.055 0.313 0.674 0.581 0.036 0.188 0.688 0.668 0.155 
    *      *    * *  
MBI      0.891 0.729 0.013 -0.110 0.112 0.912 0.603 -0.129 0.142 0.759 0.916 0.131 
     *** *    ***    ** ***  
Phe       0.893 -0.304 -0.290 -0.038 0.677 0.591 -0.293 -0.302 0.507 0.804 -0.269 
      ***    *     **  
Fla        0.059 0.095 0.263 0.471 0.792 0.053 -0.063 0.248 0.619 -0.046 
           *    *  
Pyr         0.905 0.839 0.002 0.731 0.781 0.791 -0.013 0.019 0.781 
        *** **   * **   ** 
B[a]A          0.865 -0.104 0.685 0.838 0.851 -0.196 -0.088 0.798 
         **   ** ***   ** 
Cry           0.242 0.913 0.816 0.872 0.030 0.105 0.697 
           ** * ***   * 
B[a]P            0.440 -0.186 0.345 0.873 0.888 0.161 
              *** ***  
I[cd]P             0.596 0.227 0.189 0.451 0.597 
                 
B[ghi]P              0.704 -0.394 -0.268 0.539 
                 
Σ7PCBs               
0.113 0.209 0.907 
                *** 
Cu                0.800 0.101 
               **  Zn                 0.270 
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The RDA identified a significant (p<0.01) first canonical axis that explains 64.8% 
of the variability of biological and chemical relation. The resulting ordination plot is 
shown in Figure 4.1.6. The most polluted sites (Vi1, Vi2, Vi4 and Pa2) are placed on 
the far left hand of the plot, with negative values for the first canonical axis, and the 
cleanest sites (Pa1 and Pa0) are placed on the right of the plot, corresponding to the 
highest values for this axis. The value of a chemical or biological variable for each site 
is given by the intersection of the variable vector with the projection of the site forming 
a right angle. For example, sites Vi1 and Pa2 show high values of CPI, high molecular 
weight PAHs (HMW PAHs) and Zn, site Vi2 high Cu content in mussels and Site Vi5 
high low molecular weight PAHs (LMW PAHs) content in mussels. 
 
Figure 4.1.6. Redundancy analysis ordination plot showing the experimental 
sites in Pasaia and Vigo harbours, the chemical variables (red arrows) and 
the biological variables (blue arrows). The distance between the sites in the 
diagram approximates the dissimilarity of their biological variables. The 
angle between two arrows indicate the correlation between those variables. 
 
Regarding the biological variables, GST and GPx activities increase towards the 
bottom left corner of the plot while AChE activity increases towards the right hand of 
the plot, where the clean sites are located. It is also noticeable the low angle between the 
GST and GPx vectors and mussel Cu concentration, indicating the correlation between 
Cu content and the induction of these biomarkers. 
The link between chemical and biological data was further investigated by means 
of multivariate partial least squares analyses (PLS), using both PLS1 and PLS2 models 
(Brereton, 2003). In this case, both X (chemicals) and Y (biomarkers) variables were 
standardized in order to give the same weight to all the variables, and the internal 
validation procedure was the leverage correction method. Once the outliers were 
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removed (essentially CAN sample in all the models) and the lack of non-linearities in 
the residuals was checked, the final regression models required between 3 and 5 
principal components (PCs), regardless of the type of model (PLS1 or PLS2), to explain 
up to 98% of the variance of Y and 70% of the variance of X. In addition to this, it is 
worth mentioning that more than 90% of the variance of Y was explained with the first 
two PCs.  
The regression models also showed good prediction ability, though we could not 
use an external validation set since the amount of samples was rather low to split the 
data in two sub-sets. As can be seen in Figure 4.1.7, the predicted vs. experimental 
values for the three biomarkers lie on top of the main diagonal, which shows the 
goodness of fit of the models (slope between 0.86 and 0.93 and r2 above 0.96). In 
addition to this, a deeper insight can be obtained from the loadings biplots i.e. the 
projections of the X and Y variables on the PC1-PC2 plane and comparing the closest X 
variables to each Y variable. As seen in Figure 4.1.8A , in the case of GST, the 
concentration of PCBs and PAHs in the sediment are the most influential variables. For 
GPx and AChE the concentration of PAHs and PCBs in mussel tissues is more highly 
correlated with these biomarkers, LMW PAHs in the case of GPx and HMW PAHs and 
PCBs for AChE (Figure 4.1.8B and 4.1.8C). It is worth mentioning the lack of any 
distinguished feature regarding the presence of metals in the sediment. 
 
Figure 4.1.7. Experimental values of the three biomarkers against the predicted 
ones based on the PLS models. The coefficient of determination (r2) of each 
biomarker is close to 1 as well as the slope of the plot (see text). 
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Figure 4.1.8. Biplot of the X (chemical variables) and Y (biomarker) on the 
PC1-PC2 plane for each biomarker (GST (8A), GPx (8B) and AChE (8C)). The 
closest the X variables are against the Y one the highest the correlations are. 
 
4.1.4. Discussion 
The present work represents an integrative approach based on mussel 
transplantation for active monitoring combining sediment chemistry, mussel 
bioaccumulation and biomarker responses. This approach was applied to investigate the 
environmental status of two of the largest ports in the North coast of Spain (Vigo and 
Pasaia). 
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In the Port of Vigo, chemical analyses showed maximum concentrations of 
inorganic and persistent organic pollutants both in sediments and mussels from Vi1 and 
Vi2. These locations, where the shipyards are based, can be considered as highly 
contaminated by Cu, Zn, PAHs and PCBs. 
In the case of the Port of Pasaia, Pa2, close to a wastewater outlet, presented high 
concentrations of Zn, PAHs and PCBs in sediment, whereas Pa3, Pa4 and Pa5, the most 
internal sites, presented the maximum concentrations of these compounds in mussels.  
Sediment contamination, summarized by the CPI index, significantly correlated 
with the accumulation of contaminants in mussels, quantified by the MBI index 
(p=0.02). The correlation coefficient (r=0.657) indicates that mussels provide 
information about the water column contamination that is related to but not redundant 
with sediment chemistry. For example, mussels preferentially accumulate LMW PAHs 
(35%) compared to sediments (20%), probably due to their higher solubility and thus 
availability to water column organisms. Thus, Bocchetti et al. (2008) found that 
dredging preferentially increased the accumulation of HMW PAHs in mussels because 
those are associated to the sediments, while LMW PAHs were present in the water 
column, either as dissolved/colloidal forms or loosely bound to suspended matter. 
An attempt has been made to link chemical exposure to biological effects, 
assessed through the activities of 3 enzymatic biomarkers in mussels. Multivariate 
methods also linked chemical bioaccumulation to enzymatic activities. 
Phase II detoxification system (conjugation) was evaluated in the present study by 
GST activity. GST is one the most efficient phase II biotransformation pathways for 
potentially toxic chemicals in invertebrates. The induction of GST activity has thus been 
suggested to be adopted for use as a biomarker of exposure to chemicals such as PAHs, 
PCBs and dioxins (Van der Oost et al., 2003). In the present work, GST activity 
exhibited a significant induction in Vi1, Vi2 and Pa2. The results of the correlation 
analyses indicate that the GST activity in mussels may be affected by organic and trace 
metal pollution. In general, the GST activity significantly correlated with the CPI (r2 = 
0.627; p=0.002) and the MBI (r2 = 0.382; p=0.032) index. The significance of the later 
increases if analysis is conducted using the Vigo mussels only (r2 = 0.887; p=0.018), 
since native HON mussels showed elevated values of certain hydrocarbons. In 
particular, GST was found to be positively correlated with the concentration of B[a]P in 
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mussel tissues (r2 = 0.561; p=0.005), which has been previously observed for Mytilus 
edulis by Gowland et al. (2002), reporting an induction of GST activity in digestive 
gland by 5- and 6- ring PAHs. On the contrary, Fernández et al. (2012) observed that 
GST activity from wild mussels did not show a correlation with the PAH content in 
mussel tissues. Significant positive correlation was also found between GST activity in 
mussel gills and Cu content in mussel tissues (r2 = 0.481; p=0.012), this finding is 
supported by the results of the redundancy analysis which pointed to Cu 
bioaccumulation as a cause of increased GST activity. In agreement with our results, the 
influence of Cu in the levels of GST activity in transplanted mussels has been 
previously reported (Damiens et al., 2007). The PLS analysis further indicated that high 
contents of HMW PAHs and PCBs in sediments were associated to increased GST 
activity. Although GSTs primarily catalyze the conjugation of glutathione to organic 
electrophilic compounds, and metals are not natural substrata for them, several studies 
have reported the induction of GST in mussels exposed to metals (Canesi et al., 1999; 
Ciacci et al., 2012) or collected from metal-polluted sites (Fernández et al., 2010; Vidal-
Liñán et al., 2010). In fact, GSTs can also be regarded as antioxidant enzymes due to 
their role as non-Selenium-GPx, isomerases, or sequestering hydrophobic molecules 
(Manduzio et al., 2004). Therefore, in some cases the increase in GST activity in gills 
may play a protective role for gills tissues against oxidative stress when the activity of 
antioxidant enzymes such as GPx and catalase are lowered (Power and Sheehan, 1996; 
Sheehan and Power, 1999). 
GPx activity catalyzes the degradation of H2O2 originated from the dismutation of 
superoxide radical by the superoxide dismutase (SOD) activity. An increased GPx 
activity has been reported in marine invertebrate species in response to low intracellular 
H2O2 concentrations (Orbea and Cajaraville, 2006). In this study, elevated levels of the 
GPx activity were found at highly polluted sites (Vi2 and Pa5) compared to the 
respective control sites (Vi0 and Pa0). The results of the correlation analyses presented 
here indicate that GPx activity in mussels may be affected by organic pollution. 
Redundancy analysis pointed also to Cu bioaccumulation as the cause for increased GPx 
activity, although significant correlation was not observed (p=0.07). In general, the GPx 
activity significantly correlated with the MBI index (r2= 0.392; p=0.029). In particular, 
it was positively correlated with the concentration of B[a]P in mussel tissues (r2= 0.350; 
p=0.043). A relationship between PAH exposure and the increase in antioxidant 
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defences (e.g. CAT and GPx) has been suggested (Cheung et al., 2004), but mostly 
related to HMW PAHs (e.g. B[a]P). Nevertheless, consistency of results has not always 
been achieved and a reduction or no-effect on these parameters has also been reported 
(Porte et al., 2000; Livingston, 2001). Seasonality of environmental variables can also 
influence biomarkers responses. For instance, GPx activity is linked to the seasonality 
of water temperature, reproductive cycle or metabolic activity (Vidal-Liñán et al., 2010, 
Gorbi et al., 2008), and this is a relevant limitation for the use of biomarkers in 
environmental monitoring. 
Although AChE has been initially considered as a specific biomarker for 
organophosphate and carbamate insecticides (Galgani and Bocquené, 1989; Escartín 
and Porte, 1997), recent studies have shown that other types of pollutants, such as heavy 
metals, surfactants and PAHs, may also inhibit AChE activity (Guilhermino et al., 1998; 
Akcha et al., 2000; Damiens et al., 2007). In this work, AChE activity was the most 
responsive biomarker, showing significantly inhibited levels at three sites (Vi1, Vi2 and 
Vi4) in the Port of Vigo and Pa2 in the Port of Pasaia. AChE activity was found to be 
negatively correlated with CPI index (r2 = 0.541; p=0.006), GST activity (r2 = 0.478; 
p=0.013) and Cu content in mussel tissues (r2 = 0.617; p=0.002). In agreement with our 
results, Damiens et al. (2007) observed lower AChE activity in mussels transplanted to 
copper-polluted stations in the Bay of Cannes. Nevertheless, Brown et al. (2004) 
reported that the AChE activity was not inhibited in M. edulis mussels exposed in 
laboratory to sublethal concentrations of Cu. In the present study, the PLS analysis 
pointed to a negative effect of high molecular weight PAHs and some PCBs in 
sediments, on the AChE activity in mussels, while redundancy analysis identifies 
sediment CPI and high molecular weight PAHs, Zn and Cu as main cause of the 
inhibition of AChE. 
In conclusion, this study establishes the link between chemical pollution and biomarkers 
in transplanted mussels. In particular, Cu, PAHs and PCBs, were pointed out as the 
main responsible of the observed biomarkers alterations. We have identified a gradient 
in the Port of Pasaia with environmental status decreasing towards the inner part of the 
port, whereas in the Port of Vigo, an area with poorer environmental status was located 
at sites Vi1 and Vi2, close to the shipyards. This study also validated the use of GST, 
GPx and AChE activities in transplanted mussels as biological tools for the assessment 
of chemical pollution in coastal ecosystems. GST was the biomarker that better 
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correlated with the chemical pollutants analysed, whilst AChE activity showed the 
highest sensitivity to chemical pollution.
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4.2. Combined use of chemical, biochemical and physiological variables 
in mussels for the assessment of marine pollution along the N-NW 
Spanish coast 
 
 
4.2.1. Introduction 
Mussels, such as Mytilus spp., have been extensively used as sentinel species of 
pollution in marine coastal monitoring programs. These are sessile filter-feeding 
organisms which tend to accumulate chemical pollutants in their tissues at higher 
concentrations than the surrounding environment, providing geographical patterns of the 
bioavailable fraction of pollutants, and contributing to the identification of temporal 
trends in coastal pollution (e.g. Widdows et al., 1995; Sericano et al., 1995; Bellas et al., 
2011a). 
The recent European legislation for the protection of the marine environment, in 
particular the Marine Strategy Framework Directive (MFSD, 2008/56/EC), demands an 
approach based not only on the analytical chemistry of pollutants, but also on evaluating 
their effects on the ecosystems. In fact, MSFD’s descriptor 8 indicates that to achieve 
the good environmental status (GES), ‘the concentrations of contaminants [should be] at 
levels not giving rise to pollution effects’. Also, the Commission Decision 
(2010/477/EU) on criteria and methodological standards on good environmental status 
of marine waters emphasizes the need to evaluate and keep within acceptable limits the 
biological effects of contaminants. Therefore, in order to meet these requirements, it is 
crucial that current marine pollution surveillance programs include the integrated use of 
both chemical analysis of pollutants in different environmental compartments and 
biological techniques, to establish the link between pollutant levels and their harmful 
effects on marine ecosystems, a topic which has long been considered to be poorly 
understood (e.g. OSPAR Commission, 2012a; ICES, 2012). This is a difficult task, 
since the relationship between pollutant concentrations present in the environment and 
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their ecological impact is not straightforward, and the mere presence of pollutants in 
water or sediments does not imply that they are bioavailable and that they produce 
adverse effects on living organisms (e.g. Long et al., 1995; His et al., 1999). 
There is a wide variety of biological responses that can potentially be used to 
evaluate the effects of pollutants on marine ecosystems. The biological effects measured 
must fulfil certain requirements: sensitivity to pollution, ecological relevance, 
reproducibility and reliability, simple standardization and cost-effectiveness (Calow, 
1993; Oikari et al., 1993). These biological responses may occur at different levels of 
biological organization. Among them, biomarkers may be defined as quantitative 
measurements of changes occurring at cellular, biochemical, molecular, or physiological 
levels, which can be measured in cells, body fluids, tissues or organs within an 
organism and that may be indicative of xenobiotic exposure and/or effect (McCarthy 
and Shugart, 1990; Lam and Gray, 2003; Allen and Moore, 2004). Some biomarkers 
have been incorporated into environmental monitoring programs (ANZECC, 1992; 
UNEP, 1997; EVS and PLA, 1998; USEPA, 2000; OSPAR Commission, 2012a). 
The measurement of enzymatic activities in marine organisms, including bivalves, 
have been widely used as biomarkers of oxidative stress caused by exposure to 
pollutants (gluthatione S-transferases -GST-, glutathione peroxidase -GPx-) or as 
diagnostic biomarkers of neurotoxic damage (acetylcholinesterase -AChE-) (Bocquené 
and Galgani, 1990; Regoli, 1998; Vidal-Liñán and Bellas, 2013). GST are phase II 
(conjugation) enzymes involved in the detoxification of organic xenobiotics such as 
PAHs, PCBs and metals, both in fish and invertebrates, and also play a relevant role in 
protection against oxidative stress (Sheehan et al., 2001). GPx protect cells against the 
deleterious effects of oxyradical generation by maintaining endogenous reactive oxygen 
species at relatively low levels and attenuating the damages related to their high 
reactivity (Livingstone et al., 1990). Acetylcholinesterase (AChE) regulates cholinergic 
nervous transmission by hydrolysis of the neurotransmitter acetylcholine. However, in 
presence of certain pollutants AChE activity is inhibited and causes the alteration of the 
nerve impulse (Rickwood and Galloway, 2004.). Regarding physiological biomarkers, 
the measurement of potential somatic and gonadal growth, has also achieved an 
advanced level of development. The Scope for Growth (SFG) is a biological tool that 
involves the calculation of the energy available in the organisms for growth under 
laboratory standardized conditions. This method has been successfully used as a 
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measure of the stress caused by toxicants in marine organisms (Widdows et al., 2002; 
Widdows and Staff, 2006; Albentosa et al., 2012). 
The Joint Assessment and Monitoring Programme (JAMP, OSPAR Commission) 
establish that the following hazardous substances: metals (Hg, Cd, Pb), polycyclic 
aromatic hydrocarbons (PAHs), polybrominated diphenyl ethers (PBDEs), 
polychlorinated biphenyls (PCBs) and organochlorinated pesticides: dichlorodiphenyl 
trichloroethane (DDT) and its metabolites, α- and γ-hexachlorocyclohexane (α- and γ-
HCH), should be measured as mandatory determinants in marine pollution surveillance 
programs. 
This study, carried out within the framework of the JAMP (OSPAR Commission), 
deals with the integrative assessment of pollution in a large region (over 2500 km of 
coastline) of the N-NW Iberian Peninsula. Since 1990, temporal trend studies of 
pollutants accumulated in mussel tissues are being carried out on a yearly basis, in 20 
sampling sites from this area (Spanish Marine Pollution monitoring program, SMP), 
introducing the study of biomarkers in 2007 survey (Albentosa et al., 2012). The present 
survey (year 2010), corresponds to the quinquennial spatial distribution studies that are 
being carried out in 40 sampling sites, with the added objective of incorporating new 
(biochemical) biomarkers. The sampling area, located within OSPAR Region IV 
(OSPAR Commission, 2010), includes two different oceanographic regions, the Iberian 
Atlantic coast and the Cantabrian coast, in the Bay of Biscay, characterized by different 
hydrographical, biogeochemical and biological processes. The Iberian Atlantic coast is 
more productive than the Cantabrian area because the former is considered as the 
northern limit of the upwelling system associated to the Eastern North Atlantic 
anticyclonic gyre, which causes the uplift of nutrient rich subsurface waters into the 
euphotic layer, promoting a high primary productivity in these waters (Álvarez et al., 
2011). Within this coast, Galician Rías are complex and productive ecosystems, rich in 
living resources, which support high biodiversity (Gómez-Gesteira et al., 2011). 
In the present study, biological responses were used in combination with chemical 
analyses in wild mussel populations (Mytilus galloprovincialis). The main goal of our 
work was to provide an overall assessment of the coastal pollution in a large extension 
of the N-NW Spanish coast, with an intensive sampling effort (40 sites), by combining 
the study of chemical, biochemical and physiological variables in wild mussel 
populations. 
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4.2.2. Materials and methods 
4.2.2.1. Sampling 
Figure 4.2.1 shows the geographical situation of the 40 sampling sites considered 
for the spatial distribution studies of the SMP along the N-NW Spanish Atlantic coast. 
Sampling sites were chosen on the basis of their accessibility and availability of wild 
mussel populations, after a detailed study of their particular characteristics (pollution 
sources, presence of industrial areas, large cities, etc). 
Mussels from 4 to 6 cm were collected during low tide in November 2010, when 
they present a more stable physiological state in this area (Villalba, 1995; Cáceres-
Martínez and Figueras, 1998). Fifty mussels intended for chemical analyses and 30 
mussels intended for physiological measurements were transported in an ice-box to the 
laboratory. Gills from 25 mussels intended for biochemical analyses were dissected 
within 2 h of collection, frozen in liquid nitrogen and stored at -80 ºC until analysis. 
 
 
Figure 4.2.1. Map of the N-NW Spanish coast showing the location of the sampling sites. 
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4.2.2.2. Biometric measurements 
Condition index (CI) was calculated as the ratio: (soft tissue dry weight/shell dry 
weight) × 100 (Lucas and Beninger, 1985). The dry weight of shells and soft tissues was 
recorded after drying at 105 °C until constant weight. Mussel’s age was determined 
indirectly using measurements of the average shell mass per unit area (Griffin et al., 
1980), which has been shown to give a good indication of the relative age of bivalves 
(Frew et al., 1989; Yap et al., 2003). Shell thickness (ST) may be expressed as: (shell 
weight/2)/(shell length × shell height), according to Yap et al. (2003). Length was 
recorded as the distance from the umbo to the opposite shell margin and height was 
considered as the perpendicular to the length line. A gill index (GI) was calculated as 
follows: GI = (gill tissue dry weight/soft tissue dry weight) × 100. Lipids were 
determined gravimetrically after Soxhlet extraction with a solvent mixture of n-
pentane:dichloromethane (1:1) for 8 h (González-Quijano and Fumega, 1996). 
4.2.2.3. Chemical analysis 
Samples for metals analyses were digested with nitric acid (Suprapur, Merck) in a 
microwave oven (Besada et al., 2011a). Briefly, approximately 0.3-0.4 g of freeze-dried 
mussel sample were placed in a high pressure Teflon reactor, and after the addition of 
the nitric acid, digested in a microwave oven at 90 ºC for 10 min and then at 180 ºC for 
60 min. A Perkin-Elmer AAnalyst 800 spectrophotometer, equipped with a Zeeman 
background correction device (Cd and Pb by electrothermal AAS) was used throughout. 
The operational parameters and matrix modifiers were those recommended by the 
manufacturer. Total Hg was determined by the cold vapour technique, employing a 
Perkin-Elmer FIMS-400 system (SnCl2 as reducing agent). The limits of detection 
(LOD) expressed in mg kg-1 dry weight (mg kg-1 dw) were Hg: 0.003, Pb: 0.050 and 
Cd: 0.005. 
About 10-11 g of mussel wet tissues from each station for PAHs analysis were 
mixed with sodium sulphate and Soxhlet extracted with a 3:1 hexane:acetone mixture 
for 8 h and analysed by high performance liquid chromatography (HPLC) as described 
elsewhere (Soriano et al., 2006). In summary, samples to be analysed by HPLC were 
submitted to a clean-up step by column chromatography on deactivated alumina (10% 
water) and hexane elution. Thirteen PAHs (phenanthrene, anthracene, fluoranthene, 
pyrene, chrysene, benz[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, 
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benzo[a]pyrene, benzo[e]pyrene, indeno[1,2,3-cd]pyrene, dibenz[ah]anthracene and 
benzo[ghi]perylene) were determined by HPLC (HP 1100 apparatus, Agilent 
Technologies) coupled with a wavelength programmable fluorescence detector (HP 
1036, Agilent Technologies), using a ZORBAX Eclipse PAH column (Agilent 
Technologies), eluted with a methanol:water gradient. The LOD was in the range of 0.1 
(phenanthrene) to 0.4 µg kg-1 dw (indeno[1,2,3-cd]pyrene). 
Polybrominated diphenyl ethers (congeners 28, 47, 66, 85, 99, 100, 153, 154, 183) 
were determined by gas chromatography coupled to a mass selective detector (GC–MS). 
Homogenised tissue of mussels (aprox. 5 g) was chemically dried with anhydrous 
sodium sulphate, spiked with appropriate recovery standard (BDE-77) and extracted in a 
Soxhlet using a solvent mixture of n-hexane:acetone (3:1) for 8 h. Lipids were removed 
from the extract using a chromatography column on 6% deactivated alumina with n-
hexane as eluent, and fractionated on an activated silica gel column with iso-octane. The 
concentration and composition of the BDEs congeners were determined by GC-MS 
using an Agilent gas chromatograph 6890N equipped with an electronically controlled 
split/splitless injection port, coupled to an Agilent 5973N mass selective detector 
operated in negative chemical ionization (NCI) mode. A concentrated extract (2 µL) 
was injected onto a CPSil8 CB (30m × 250 µm i.d. × 0.25 µm film thickness) capillary 
column. The carrier gas was helium set at a constant flow 1 ml min-1. The injection was 
made in pulsed splitless mode (pulse 58 psi, purge 1.5 min). The injector temperature 
was 275 ºC and the oven temperature program was as follows: 90 ºC held for 3 min, 
ramped to 210 ºC at 30 ºC min-1, held for 20 min, ramped to 290 ºC at 5 ºC min-1, held 
for 17 min and to 310 ºC at 35 ºC min-1 and held for 5 min. The mass selective detector 
with quadrupole analyser was operated in the selected ion-monitoring mode (SIM) 
under NCI. The monitored ions (m/z) were 79, 81, 159 and 161 for all congeners. For 
the internal standard (octachloronaphtalene) the ion (m/z) was 403.80. Methane was 
used as reagent gas. The MS transfer line temperature was held at 290 ºC, the MS 
source and quadrupole temperatures were 200 ºC and 106 ºC respectively. The LOD 
was 0.001 µg kg-1 ww. 
The determination of the seven polychlorinated biphenyls recommended by ICES 
(Σ7PCBs, congeners 28, 52, 101, 118, 138, 153, 180), HCHs (sum α-HCH and γ-HCH), 
DDTs (sum p,p’-DDE, p,p’-DDD, p,p’-DDT and o,p’-DDT) and chlordanes (sum cis- 
and trans-chlordanes), was carried out following a previously described method (De 
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Boer, 1988; González-Quijano and Fumega, 1996), based on a Soxhlet extraction using 
a solvent mixture of n-pentane:dichloromethane (1:1) for 8 h. An aliquot of the Soxhlet 
extract was used to determinate gravimetrically the lipid content. The chlorinated 
hydrocarbons were removed from the lipids by alumina column chromatography 
followed by separation of PCBs from the chlorinated pesticides using silica column 
chromatography. Concentration levels were determined by gas chromatography with 
electron capture detector (GC-ECD) with capillary columns (50 m, 0.25 mm i.d. and 
0.25 µm film) and He as carrier gas. Quantification was performed using multilevel 
calibration curves obtained by injection of standard solutions of seven different levels of 
concentration. The LOD was 0.05 µg kg-1 ww. 
Quality assurance and quality control were performed through the use of certified 
reference materials and the analysis of procedural blanks, duplicate samples and control 
charts. All the steps were performed under a quality assurance system that was checked 
periodically by participation in interlaboratory exercises organized by QUASIMEME 
(Quality Assurance of Information for Marine Environmental Monitoring in Europe) 
Laboratory Performance Studies (QUASIMEME, 2010), and IAEA (International 
Atomic Energy Agency) (Wyse et al., 2003). 
Pollutant concentrations in mussel tissues were compared with available 
environmental quality criteria. OSPAR Commission has developed assessment criteria 
for the interpretation of chemical pollution data: Background Assessment 
Concentrations (BACs) and Environmental Assessment Criteria (EACs). BACs describe 
the threshold value for the background level, using data from reference sites, and EACs 
indicate pollutant concentrations below which no chronic effects are expected to occur 
in marine species, including the most sensitive species (OSPAR Commission, 2009). 
Since EACs have not been agreed for metals, the European Union food standard limits 
from Commission Regulation (EC) No. 1881/2006 have been proposed as an alternative 
(OSPAR Commission, 2010). Also, the Norwegian Pollution Control Authority 
established a classification system of pollutants in blue mussel to assess the degree of 
pollution in coastal areas, using five categories ranging from Class I, ‘insignificantly 
polluted’, to Class V ‘extremely polluted’ (Green et al., 2012). 
A mussel pollution index (MPI) was calculated for each site, to summarize the 
chemical data, as the average of the ratios between the pollutant concentrations (C) in 
each site and the corresponding environmental quality criterion (Ccrit) for each analyte 
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(Bellas et al., 2011b; Beiras et al., 2012): CPI=∑i[log(Ci/ Ccriti)]. OSPAR BAC 
(OSPAR Commission, 2010) was used for PCBs, the environmental quality standard 
(EQS) in biota proposed by the European Commission was used for BDEs (OSPAR 
Commission, 2012b), and the Norwegian level I (Green et al., 2012) for the other 
pollutants. 
4.2.2.4. Biological responses 
GST and GPx were analysed in the gills of 12 mussels, which were homogenized 
with an Ultra-Turrax, at 1:2 w/v ratio, in 0.05 M potassium-phosphate buffer at pH 7.5 
containing 2 mM EDTA. Samples were centrifuged at 15,000 × g for 15 minutes at 4-7 
ºC. For the analysis of AChE activity, the gills of 12 mussels were weighed and 
homogenized with a Potter glass homogenizer at a 1:2 w/v ratio, in 0.02 M phosphate 
buffer at pH 7.0 with 0.1% Triton X-100 and centrifuged at 10,000 × g for 10 minutes at 
4 ºC. Aliquots of the supernatant were utilized for the spectrophotometric determination 
of activity of the enzymes GST, GPx and AChE with an absorbance microplate reader 
(Biotek ELx 808) at a constant temperature of 20 ºC. 
GST activities were evaluated, according to Habig et al. (1974), using 1-chloro-
2,4-dinitrobenzene (CDNB) as substrate. The measurement was carried out at 340 nm 
(extinction coefficient, ε= 9.6 mM-1cm-1) in 0.1 M potassium-phosphate buffer at pH 
6.5, 60 mM CDNB and 10 mM GSH. GPx activity was measured in a coupled enzyme 
system where NADPH is consumed by glutathione reductase to convert the formed 
oxidized glutathione form (GSSG) to its reduced form (GSH), according to Halliwell 
and Gutteridge (1999). The decrease of absorbance was monitored at 340 nm (ε= 5.598 
mM־1cm־1P) in 0.1 M potassium-phosphate buffer at pH 6.5, 10 mM sodium azide 
(NaNR3R), 40 mM GSH, 20 unit/ml glutathione reductase, 2.4 mM NADPH and 2 mM 
hydrogen peroxide as substrate. The activity of AChE was spectrophotometrically 
determined, as described in Bocquené and Galgani (1998), by measuring the increase in 
absorbance of the sample at 412 nm in the presence of 2.6 mM acetylthiocholine as 
substrate and 0.5 mM 5,5´- dithiobis-2-dinitrobenzoic acid. 
Protein concentrations in the supernatants were measured according to Lowry et 
al. (1951) by using bovine serum albumin as standard. All the enzymatic activities were 
expressed as nmol min-1 mg-1 protein. 
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Scope for Growth (SFG) measurements were carried out in an open-flow system 
according to Widdows and Staff (2006), with modifications detailed in Albentosa et al. 
(2012), under the following conditions: 1 mg total particulate matter L-1, with an 
organic content of 50%. This diet was obtained by mixing microalgae (Isochrysis 
galbana, clone T-ISO) with ashed (800 ºC) and filtered (40 μm) marine sediment. 
Physiological rates were determined at constant temperature (15±0.5 ºC), in an open-
flow system, with constant food supply. Clearance and ingestion rates, absorption 
efficiency, absorption rates, and respiration rates were measured. SFG was calculated 
from the energy balance equation according to this expression: (SFG = (I-F)-R = (I × 
AE) – R), where ‘I’ is the consumption of the energy available in the diet, ‘F’ is the 
energy lost in the faeces, ‘AE’ is the absorption efficiency, and ‘R’ is the energy 
consumed by respiration. All physiological measurements were expressed in energetic 
units (J/h). 
An Integrated Biomarker Response (IBR) was calculated according to Beliaeff 
and Burgeot (2002), by combining the different biochemical (GST, GPx, AChE) and 
physiological (RR, IR, AR) variables to a single value, which can be used to describe 
the toxically induced stress level of populations in different stations. IBR was calculated 
by means of star plots of the biomarker data. Star plots were used to represent the scores 
(standardized data) of the above-mentioned biomarkers for each site. IBR index is the 
star plot area. 
4.2.2.5. Statistical analysis 
Principal Component Analysis (PCA) and Pearson correlation analysis were 
applied to compare and establish relationships between biological and chemical 
variables. PCA was used to obtain a reduced number of new variables (principal 
components), that result from the linear combinations of the original variables, and 
allows to select the most relevant variables in the data set with the minimum loss of 
information. According to Peterson (2000) a factor loading ≥0.32, corresponding to an 
explained average variance of 56.6%, is recommended. For this study a threshold factor 
loading of 0.40 was selected for a good association between an original variable and a 
component. 
Differences in biometric parameters between the Atlantic and Cantabrian areas 
were tested using Student’s t-test (p<0.05). 
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Data were log transformed to achieve normality and homogeneity of variances. A 
difference at p<0.05 was considered statistically significant. Statistical analyses were 
conducted using the SPSS® version 15.0. 
 
4.2.3. Results 
4.2.3.1. Biometric variables 
Average length of collected mussels ranged between 41 and 46 mm in all 
locations sampled. A high variability, though, was found in the other biometric 
variables (Table 4.2.1). The highest variability was observed for the lipid contents, 
which ranged from 0.7 to 2.12 % ww, and for the gill weight (GW), which varied 
between 0.32 and 0.95 g, indicating a difference of 3 times in both cases. Mussel dry 
weight (DW) (0.27 to 0.69 g) and condition index (CI) (7.6 to 15.7) showed also large 
differences between stations, with maximum values 2.5 and 2.1 times higher than 
minimum values, respectively. Finally, the shell thickness index (ST) varied between 
0.14 and 0.24 g/cm2, corresponding to a 1.7 times difference. 
Despite the high variability registered, significant differences between the Atlantic 
and Cantabrian oceanographic regions were only observed for CI (t=0.88, p<0.01) and 
lipid content (t=2.76, p<0.01), with Atlantic mussels having higher CI and lipid content, 
whereas ST was similar among regions (p>0.05). 
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Table 4.2.1. Biometric variables of mussels (M. galloprovincialis) from the N–NW Spanish coast. DW: dry 
weight, GW: gill weight, GI: Gill Index, CI: condition index, ST: shell thickness. n.d. no data. 
Site No Sampling sites Length (mm) DW (g) 
GW (g 
ww) GI CI 
Lipids (% 
ww) 
ST 
(g/cm2) 
1 A Guarda 41.98 0.29 0.44 30.3 9.69 0.81 0.16 
2 Sta. Mª Oia 43.42 0.33 0.50 30.3 11.25 1.27 0.14 
3 Vigo 1 43.84 0.37 0.36 19.5 11.46 1.49 0.15 
4 Vigo 2 43.99 0.46 0.45 19.6 13.68 1.40 0.16 
5 Cabo Home 45.13 0.40 0.56 28.0 10.42 1.01 0.18 
6 Pontevedra 1 42.11 0.39 0.43 22.1 11.21 1.72 0.17 
7 Pontevedra 2 42.99 0.54 0.42 15.6 15.68 1.93 0.17 
8 Chazo 42.52 0.42 0.52 24.8 10.34 1.78 0.20 
9 Corrubedo 44.58 0.40 0.54 27.0 11.18 1.13 0.17 
10 Muros 1 41.96 0.33 0.52 31.5 7.75 1.68 0.22 
11 Muros 2 42.72 0.57 0.41 14.4 12.30 1.64 0.23 
12 Punta Insua 41.18 0.28 0.40 28.6 8.39 1.08 0.18 
13 Muxía 45.87 0.51 0.50 19.6 11.68 1.33 0.19 
14 Corme  43.84 0.41 0.37 18.1 10.35 1.12 0.19 
15 Caion 44.19 0.42 0.43 20.5 12.23 1.24 0.16 
16 Coruña 1 43.87 0.43 0.42 19.5 11.98 1.55 0.17 
17 Coruña 2 44.13 0.48 0.48 20.0 10.76 1.45 0.21 
18 Ares 42.59 0.40 0.42 21.0 10.95 2.12 0.19 
19 Ferrol 1 46.37 0.69 0.58 16.8 15.13 2.09 0.20 
20 Ferrol 2 45.70 0.41 0.44 21.5 8.86 1.71 0.21 
21 Cedeira 44.56 0.48 0.43 17.9 11.75 1.41 0.19 
22 Espasante 45.97 0.40 0.39 19.5 11.54 1.07 0.15 
23 Viveiro 42.17 0.40 0.44 22.0 9.60 1.36 0.21 
24 Ribadeo 43.57 0.59 0.56 19.0 12.15 1.68 0.24 
25 Navia 44.53 0.38 0.51 26.8 9.64 0.99 0.18 
26 Luarca 44.84 0.47 0.47 20.0 9.83 1.20 0.22 
27 Pravia 43.40 0.35 0.43 24.6 9.57 1.12 0.18 
28 Avilés 43.71 0.42 0.42 20.0 13.58 1.50 0.15 
29 Gijón 44.09 0.37 n.d. 51.4 9.21 0.95 0.19 
30 Ribadesella 44.43 0.37 0.50 27.0 8.88 1.10 0.19 
31 S.V. Barquera 43.94 0.49 0.57 23.3 11.01 1.37 0.21 
32 Suances 43.99 0.31 0.46 29.7 7.79 0.99 0.19 
33 Santander 1 42.53 0.43 0.57 26.5 9.34 1.13 0.23 
34 Santander 2 43.42 0.34 0.54 31.8 8.62 1.35 0.19 
35 Laredo 43.77 0.42 0.32 15.2 12.10 1.46 0.17 
36 Castro-Urdiales 43.14 0.27 0.34 25.2 7.60 1.27 0.18 
37 Bilbao 44.12 0.37 0.35 18.9 9.02 0.99 0.20 
38 Mundaka 44.97 0.35 0.42 24.0 8.14 0.70 0.20 
39 Orio 42.66 0.29 0.38 26.2 7.70 1.06 0.18 
40 Hondarribia 44.50 0.38 0.43 22.6 8.99 1.23 0.20 
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4.2.3.2. Bioaccumulation of chemicals in mussels 
Table 4.2.2 shows the concentrations of pollutants accumulated in wild mussels. 
The highest Hg values were registered in an area from the central part of the Cantabrian 
coast (sites 29, 30, 31 and 32). Hg concentrations below the BAC (0.09 mg kg-1 dw) 
(OSPAR Commission, 2010), were found in 33% of the studied areas, whereas no 
sample exceeded the limit for human consumption (2.5 mg kg-1 dw). 
The highest Pb concentrations, ca. 10 times higher than the background values, 
were found in sites 28 and 32, and 31% of the measured values were below the BAC 
(1.3 mg kg-1 dw), most of them in the Galician coast. Wild mussels close to these 
stations, exceeded the limit for human consumption (7.5 mg kg-1 dw), but it should be 
noted that these mussels are not commercialized. 
The distribution of Cd on the sampling sites was quite homogeneous, but unlike 
other metals, maximum values were found at sites located in the NW Galician coast, far 
from urban or industrial areas. Around 80% of the values obtained for Cd in mussel 
tissues were below the BAC (0.96 mg kg-1 dw), and none exceeded the limit for human 
consumption (5 mg kg-1 dw). 
Comparing metals data with the Norwegian criteria for wild mussels (Green et al., 
2012), most of the sampling sites would be classified as class I or II (‘insignificantly’ or 
‘moderately polluted’), and only three sampling sites would be classified as class III 
(‘markedly polluted’), 28 and 32 for Pb, and 30 for Hg. 
Most of the PAHs values were below EAC. Only some individual PAHs were 
above this criterion in stations 4, 28, 29 and 33. Stations 4 and 33 showed the highest 
values for the ∑13PAHs. One of the PAHs that deserves particular attention is 
benzo[a]pyrene (BaP), since this compound presents high carcinogenic activity (Walker 
et al., 2001). None of the samples was above the EAC for this substance. However, 
when comparing present data with the Norwegian criteria for BaP in wild mussels 
(Green et al., 2012), one sampling site (33) would be classified as class V (‘extremely 
polluted’), three sites (4, 28 and 29) as class IV (‘severely polluted’), three sites (27, 34 
and 37) as class III (‘markedly polluted’), and the rest of them (33 sampling sites) 
would be classified as ‘moderately’ or ‘insignificantly polluted’. 
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Table 4.2.2. Concentrations of pollutants in the soft tissues of mussels (M. galloprovincialis) from the N–NW 
Spanish coast. Σ13PAHs: sum of 13 polycyclic aromatic hydrocarbons, Σ9BDEs: sum of 9 polybrominated 
diphenyl ethers, Σ7PCBs: sum of 7 polychlorinated byphenyls, ΣDDTs: sum of p,p'-DDE, 4,4'-DDD and 4,4'-
DDT, ΣHCHs: sum of α- HCH and γ-HCH, Σchlordanes: sum of trans-chlordane and cis-chlordane, MPI: 
Mussel Pollution Index. n.d. no data. 
Site 
No 
Sampling 
sites 
Metals 
(mg kg-1 dw) 
Σ13PAHs 
(µg kg-
1dw) 
Σ9BDEs 
(µg kg -
1ww) 
Organochlorines 
(µg kg-1 ww) 
MPI 
Hg Pb Cd Σ7PCBs ΣDDTs ΣHCHs Σchlordanes 
1 A Guarda 0.10 2.80 1.10 82.50 0.12 2.13 0.38 0.025 0.010 -1.05 
2 Sta. Mª Oia 0.13 1.25 1.18 60.68 0.08 2.46 0.37 0.054 0.068 -1.17 
3 Vigo 1 0.12 2.66 0.61 86.16 0.43 11.13 0.63 0.068 0.098 0.77 
4 Vigo 2 0.09 2.61 0.50 3018 0.24 12.40 0.66 0.048 0.045 0.38 
5 Cabo Home 0.08 1.33 0.96 73.68 0.08 2.41 0.33 0.078 0.112 -1.26 
6 Pontevedra 1 0.10 1.52 0.77 87.11 0.18 1.48 0.49 0.071 0.062 -0.77 
7 Pontevedra 2 0.18 1.18 0.52 310.6 0.25 2.77 0.62 0.074 0.054 -0.17 
8 Chazo 0.08 0.75 0.59 277.9 0.10 1.74 0.52 0.118 0.110 -1.20 
9 Corrubedo 0.08 0.86 1.57 63.17 0.10 1.13 0.22 0.036 0.150 -2.16 
10 Muros 1 0.09 1.10 0.81 75.20 0.09 1.66 0.49 0.047 0.060 -1.46 
11 Muros 2 0.11 n.d. 1.07 168.5 0.12 3.25 0.74 0.036 0.075 -0.34 
12 Punta Insua 0.08 1.60 2.01 41.04 0.05 0.95 0.17 0.082 0.222 -2.08 
13 Muxía n.d. 1.05 0.72 51.30 0.15 1.67 0.39 0.047 0.110 -1.37 
14 Corme 0.07 0.77 1.06 57.60 0.10 1.36 0.40 0.088 0.096 -1.47 
15 Caion 0.06 0.81 0.72 77.95 0.12 1.05 0.18 0.060 0.092 -2.19 
16 Coruña 1 0.08 3.29 0.58 434.4 0.31 13.49 0.49 0.032 0.378 0.39 
17 Coruña 2 0.19 1.59 0.55 457.0 0.19 12.61 0.59 0.058 0.104 0.47 
18 Ares 0.11 0.66 0.45 222.3 0.17 9.40 0.46 0.056 0.052 -0.50 
19 Ferrol 1 0.08 1.54 0.36 312.0 0.48 21.77 2.12 0.070 0.069 1.59 
20 Ferrol 2 0.14 1.76 0.55 330.5 0.74 23.90 2.62 0.091 0.061 2.05 
21 Cedeira 0.05 0.65 0.51 100.4 0.09 2.11 0.33 0.062 0.052 -1.87 
22 Espasante 0.08 0.88 0.60 89.45 0.07 2.84 0.26 0.080 0.070 -1.56 
23 Viveiro 0.11 1.85 0.78 118.6 0.17 2.43 0.39 0.056 0.047 -0.72 
24 Ribadeo 0.12 1.31 0.47 93.14 0.11 2.21 0.63 0.088 0.111 -0.73 
25 Navia 0.08 1.21 0.67 52.61 0.30 0.61 0.31 0.034 0.029 -1.70 
26 Luarca 0.14 1.97 0.63 86.45 0.16 0.90 0.51 0.044 0.054 -1.00 
27 Pravia 0.18 2.02 0.63 329.3 0.14 1.53 0.31 0.028 0.033 -1.15 
28 Avilés 0.27 24.63 1.06 1994 0.19 7.27 0.33 0.060 0.027 1.28 
29 Gijón 0.40 4.89 0.73 1230 0.28 9.95 0.40 0.056 0.070 1.21 
30 Ribadesella 0.62 2.14 0.63 163.3 0.13 1.69 0.32 0.104 0.029 0.02 
31 S.V. Barquera 0.38 2.36 0.50 207.3 0.37 2.46 0.30 0.062 0.069 0.16 
32 Suances 0.40 28.13 0.71 154.3 0.19 4.43 0.26 0.083 0.014 1.30 
33 Santander 1 0.22 6.69 0.85 3012 0.21 20.50 0.91 0.121 0.041 1.87 
34 Santander 2 0.19 3.33 0.64 369.7 0.23 8.56 0.58 0.109 0.042 0.93 
35 Laredo 0.16 2.83 0.52 209.4 0.43 3.86 0.52 0.044 0.033 0.25 
36 Castro-Urdiales 0.22 4.88 0.63 228.1 0.42 9.62 0.47 0.080 0.032 1.19 
37 Bilbao 0.19 4.14 0.73 557.1 0.38 45.13 1.18 0.131 0.087 2.34 
38 Mundaka 0.20 3.08 0.57 322.5 0.33 13.78 0.66 0.038 0.031 0.79 
39 Orio 0.16 3.68 0.60 380.7 0.56 37.30 1.51 0.066 0.036 2.11 
40 Hondarribia 0.10 4.61 0.51 146.8 0.30 14.21 0.71 0.067 0.050 1.01 
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In accordance with the criteria established by OSPAR for individual PCBs on 
mussels, the highest proportion of concentrations below the BAC in this study 
correspond to the low chlorinated PCBs, which are the most volatile. All stations 
showed PCBs concentrations above BAC, at least for two of the individual congeners, 
and 80% of the stations showed PCBs values above the EAC, in particular for congener 
118. Stations 37 and 39 showed the highest PCB values. According to the Norwegian 
criteria for Σ7PCBs, sites 19, 20, 33, 37 and 39 would be classified as ‘markedly 
polluted’, and the remaining sites as ‘moderately’ or ‘insignificantly polluted’. 
The highest DDTs concentrations were found in stations 19 and 20, which were 
classified as ‘moderately polluted’ according to the Norwegian criteria, whereas highest 
HCHs and chlordanes concentrations were found in stations 33 and 37, and 12 and 16, 
respectively, but they did not exceed the BAC. 
BDEs concentrations in mussels, represented as the sum of the nine individual 
congeners, ranged between 0.052 and 0.741 µg kg-1 ww, with a mean value of 0.229 µg 
kg-1 ww. Generally, the highest levels of Σ9BDE were found in areas with high 
anthropogenic impact. The highest concentrations were found in sites 20 and 39, 
followed by sites 19 and 35. Individually, BDE47 was the most abundant congener in 
all samples, followed by BDE99, confirming results reported in other studies. No BAC 
or EAC have so far been developed for BDEs, but in view of similar studies in other 
areas, it can be said that concentrations found in this study correspond generally to low 
values (Christensen and Platz, 2001; Johansson et al., 2006; Gama et al., 2006). 
In order to identify the most important pollutants to be used in the MPI 
calculation, PCA was applied to the chemical database. PCA identified three 
components from the chemical data set accounting for 75% of the variability. According 
to Beiras et al. (2012) only those chemicals showing loadings >0.7 in the PCA were 
selected to calculate the MPI: Hg, Pb, ∑7PCB, ∑DDT, ∑9BDE and ∑HCH. 
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Figure 4.2.2 shows the MPI values calculated for each sampling site, which takes 
positive values when pollutants exceed on average the environmental quality criteria 
and negative values otherwise. MPI can be categorized into three groups in order to 
classify sampling stations attending to their pollution state: ‘low pollution’ when MPI≤ 
0, ‘moderate pollution’ when 0 <MPI≤ 1 and ‘high pollution’ when MPI> 1. The 
highest MPI values were found at stations 37, 39 and 20, with MPI>2, and another 7 
stations (33, 32, 19, 28, 36, 29, 40) showed MPI values >1, indicating ‘high pollution’. 
Nine stations showed MPI values between 0 and 1, indicating ‘moderate pollution’, and 
21 stations showed MPI values ≤0, indicating ‘low pollution’. 
 
 
Figure 4.2.2. Mussel Pollution Index (MPI) in mussels from the N-NW Spanish coast. MPI is categorized into three 
groups: ‘low pollution’ when MPI≤0, ‘moderate pollution’ when 0 <MPI≤1 and ‘high pollution’ when MPI>1. 
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4.2.3.3. Biological responses 
Biomarker results showed AChE inhibition in 12 sites, according to the EAC 
values reported by ICES for the Spanish Mediterranean (ICES, 2012) (Table 4.2.3). The 
highest inhibition was observed in station 30 (5.8 nmol min-1 mg-1 prot). GST activities 
ranged between 29.5 and 112.7 nmol min-1 mg-1 prot with 40% of the sampling sites 
showing higher values than the EAC value proposed by Vidal-Liñán et al. (2010) for 
this biomarker. Maximum values were observed in stations 28 and 29. Extreme 
variability was observed in GPx between sites. Activities ranged between 2.6 and 64.5 
nmol/min/mg prot. 
Regarding SFG, 60% of the sampling sites present a ‘high growth potential’ (SFG 
> 25 J g-1 h-1) corresponding to a ‘healthy state’, according to the ICES 
recommendations (ICES, 2013), whilst only one station (17) presented a SFG value 
below 15 J g-1 h-1, which corresponds to “low potential growth” or “high stress” (Table 
4.2.4). However, we prefer to follow the Widdows et al. (2002) recommendations, 
where relative values to the maximum SFG obtained were used: ‘high growth 
potential’/’low stress’ (>60% of reference value), ‘moderate growth 
potential’/’moderate stress’ (20–60% of reference value) and ‘low growth 
potential’/’high stress’ (<20% of reference value). In our case, and following the 
reference value of 30 J/g/h considered in our previous surveys (Albentosa et al., 2012), 
the following assessment criteria have been used: sites with SFG values higher than 18 J 
g-1 h-1 can be considered ‘unstressed’, sites with values between 6 and 18 J g-1 h-1 are 
‘moderately stressed’ and sites with values lower than 6 J g-1 h-1 are ‘highly stressed’. 
Thus, sites 17, 19 and 34 showed ‘moderate stress’. The physiological rate that most 
determines the SFG value is the CR, explaining almost 60% of the variability of the 
SFG. AE and RR explain 33% and 7% of the variability, respectively. These three 
components are shown in Table 4.2.3. CR data have been standardized to both mussel 
weight and length for the reasons explained below. 
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Table 4.2.3. Physiological and biochemical variables of mussels (M. galloprovincialis) from the N–NW Spanish coast. CR: 
clearance rate, AE: absorption efficiency, RR: respiration rate, SFG: Scope for Growth, AChE: acetylcholinesterase, GST: 
glutathione s-transferase, GPx: glutathione peroxidase, IBR: Integrated Biomarker Response. Clearance rate was doubly 
standardized, for an individual of 1 g dw and for an individual of 60 mm length. 
Site 
No Sampling sites 
CR 
 w 1 g 
(L//h) 
CR  
w 60 mm 
(L//h) 
AE 
(%) 
RR  
w 1 g 
(J/g/h) 
SFG 
 w 1 g 
(J/g/h) 
AChE 
(nmol/min
/mg prot) 
GST 
(nmol/min
/mg prot) 
GPx 
(nmol/min
/mg prot) 
IBR 
1 A Guarda 4.97 3.97 70.5 7.56 36.67 11.95 29.47 6.59 2.36 
2 Sta. Mª Oia 4.44 3.63 68.5 7.40 31.01 14.25 35.44 64.48 6.88 
3 Vigo 1 5.30 4.52 66.3 6.11 38.56 10.65 67.12 12.08 4.55 
4 Vigo 2 4.00 4.00 70.1 7.21 27.98 23.02 71.62 34.61 7.42 
5 Cabo Home 4.35 3.84 72.3 6.66 32.97 10.23 64.08 12.66 7.69 
6 Pontevedra 1 4.56 4.28 69.7 8.13 31.49 12.10 53.85 57.95 10.87 
7 Pontevedra 2 3.55 4.12 65.6 5.85 23.52 20.43 55.70 8.89 5.86 
8 Chazo 3.66 3.57 72.7 8.87 24.53 16.97 42.86 60.13 13.76 
9 Corrubedo 3.77 3.35 66.8 7.84 24.02 9.51 54.52 6.64 12.80 
10 Muros 1 4.37 3.78 57.9 7.21 25.02 18.24 64.54 8.33 5.29 
11 Muros 2 3.24 3.91 69.8 6.72 21.80 13.25 81.66 31.62 15.81 
12 Punta Insua 5.98 4.72 65.1 8.79 39.79 8.20 77.93 33.63 8.83 
13 Muxía 4.43 4.39 65.0 8.91 27.31 15.05 68.18 10.15 8.25 
14 Corme  3.91 3.57 73.4 8.26 27.88 9.32 52.69 50.16 14.49 
15 Caion 4.17 3.93 72.4 7.21 30.99 27.11 75.64 8.22 1.55 
16 Coruña 1 3.88 3.73 57.4 6.73 21.53 9.16 58.47 8.24 13.34 
17 Coruña 2 2.93 2.99 57.6 6.49 14.80 12.37 39.52 6.71 15.51 
18 Ares 3.78 3.57 60.9 7.86 21.36 13.35 47.05 9.34 11.14 
19 Ferrol 1 2.70 3.17 73.0 6.99 17.60 8.74 53.69 50.20 21.76 
20 Ferrol 2 3.19 2.80 68.3 7.75 19.85 13.23 54.20 7.26 14.09 
21 Cedeira 3.78 3.83 69.7 9.94 23.37 18.04 49.42 42.39 14.08 
22 Espasante 5.10 4.29 71.3 9.37 35.89 14.10 61.51 22.05 5.75 
23 Viveiro 4.54 4.30 64.1 8.12 27.64 9.57 52.93 60.74 13.16 
24 Ribadeo 3.28 3.95 71.3 7.53 22.08 9.48 31.39 63.20 14.90 
25 Navia 4.52 3.88 76.6 10.97 32.64 10.83 54.50 2.63 7.38 
26 Luarca 3.95 3.82 74.1 8.46 28.25 13.59 61.34 50.67 14.10 
27 Pravia 5.41 4.59 64.3 9.87 33.56 14.30 65.94 11.03 4.23 
28 Avilés 4.09 3.87 76.2 9.85 29.52 10.83 101.48 11.69 14.06 
29 Gijón 4.74 4.10 69.7 9.28 32.31 13.22 112.72 10.54 9.06 
30 Ribadesella 4.37 3.72 69.1 7.50 30.41 5.80 73.92 11.16 12.18 
31 S.V. Barquera 3.88 4.07 66.9 7.89 24.87 11.26 53.39 9.30 11.31 
32 Suances 5.52 4.20 56.8 11.92 27.78 20.09 44.38 6.98 1.52 
33 Santander 1 4.11 4.18 58.3 9.78 20.60 12.08 36.03 48.88 15.30 
34 Santander 2 4.21 3.45 50.6 9.99 17.07 9.87 47.86 8.01 14.53 
35 Laredo 4.42 4.15 73.9 9.51 31.54 9.55 40.66 10.36 7.48 
36 Castro-Urdiales 5.41 3.91 65.0 10.09 33.94 8.52 43.69 40.43 6.89 
37 Bilbao 4.15 3.60 56.7 7.10 22.38 12.98 45.75 55.28 10.95 
38 Mundaka 4.11 3.27 67.8 7.87 27.03 9.76 59.38 7.29 10.90 
39 Orio 5.41 3.98 69.9 9.88 37.00 15.31 40.73 10.84 2.20 
40 Hondarribia 3.97 3.40 58.7 8.78 19.80 17.31 31.93 26.43 10.05 
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Figure 4.2.3 shows the IBR values calculated for each sampling site. The lowest 
IBR values were obtained at sites 32, 15, 39 and 1, indicating the lowest impact level 
caused by toxic effects of pollutants. The highest IBR values were obtained at stations 
19, 11, 17 and 33, corresponding to a high toxically induced stress level. 
Figure 4.2.3. Integrated Biomarker Response (IBR) in mussels from the N-NW Spanish coast. 
 
4.2.3.4. Integrative assessment 
In order to integrate biomarker responses and chemicals accumulated in mussels 
tissues a PCA was carried out (Table 4.2.4). The data set used in the analysis included 
the three biochemical biomarkers (AChE, GST and GPx) and the three components of 
the SFG (CR, AE and RR). Length standardization of CR was used instead of weight 
standardization to avoid the correlation between CR and CI (r=-0.515, p<0.01). All the 
chemical variables were also included in the analysis (Hg, Pb, Σ13PAH, ∑9BDEs, 
∑7PCBs, ∑DDTs, ∑HCHs and ∑chlordanes). Cd was not included in the PCA since 
this element seems to be associated to natural upwelling processes. The application of 
the PCA analysis to the variables mentioned above can be represented by five principal 
components that explain 69.6% of the variance in the original data set. The most 
important principal component, PC1, explains 21.9% of the total variance, and links 
CR, organochlorines (Σ7PCBs and ΣDDTs) and Σ9BDEs. High loadings (>0.6) of the 
four variables (negative for CR) were obtained, indicating a strong association between 
them. PC2 accounts for 17.5% of the total variance, and groups GST, Hg, Pb and 
Σ13PAHs, although the loading of the GST was relatively low (0.456). PC3 accounts for 
11.3% of the total variance, and associates GST (negatively), GPx and ΣHCHs, being 
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the loading of the GPx much higher than the loading of the GST. PC4 explains 9.6% of 
the total variance and associates inversely RR and AChE with ∑chlordanes. The loading 
for RR is higher than for AChE, indicating a stronger relation between ∑chlordanes and 
RR. PC5, which explains only 9.1% of the total variance, shows weak association 
between AE and GST. 
 
Table 4.2.4. Results of the Principal Component Analysis (PCA) between biomarker 
responses and chemicals accumulated in mussels tissues. Variables with a loading 
value >0.4 are marked in bold. 
 
PC1 PC2 PC3 PC4 PC5 
Eigen values 3.079 2.456 1.583 1.339 1.287 
Cumulative % 
variance 22.00 39.54 50.85 60.42 69.61 
Loadings of variables      
CR L 60 mm -0.648 0.203 0.031 0.056 0.142 
AE -0.065 -0.184 -0.037 0.160 0.892 
RR w 1 g -0.192 0.389 0.095 0.641 0.024 
AChE -0.118 -0.238 -0.238 0.489 -0.399 
GST -0.227 0.456 -0.438 -0.285 0.401 
GPx -0.060 -0.204 0.868 -0.022 0.184 
Hg -0.017 0.746 -0.117 0.082 -0.010 
Pb -0.065 0.685 -0.104 0.383 -0.142 
∑13PAHs 0.137 0.707 0.224 0.020 -0.040 
∑7PCBs 0.791 0.231 0.200 -0.050 -0.256 
∑9BDEs 0.892 0.106 -0.076 -0.004 0.170 
∑DDT 0.930 -0.032 0.136 0.014 0.062 
∑HCH 0.183 0.313 0.711 0.002 -0.254 
∑chlordanes -0.108 -0.135 -0.0323 -0.810 -0.184 
 
A second PCA analysis was carried out to establish relationships between 
biomarker responses and biological indices (Table 4.2.6). Regarding biomarkers, 
physiological (CR, AE and RR) and biochemical (AChE, GST and GPx) responses were 
included in the analysis, and among the biometric parameters ST, lipid content, CI and 
GI were selected. The PCA identified four components that explain 67.7% of the 
variance in the original data set. PC1 explains 26.1% of the total variance, and relates 
AE and RR (negatively) with lipids, CI and GI (negatively). PC2, accounts for 18.7% of 
the total variance, and groups GST (negatively), GPx and ST, pointing out a strong 
association between these variables. PC3 explains 12.3% of the total variance and 
shows positive loadings for the three components of the SFG: CR, AE and RR. PC4 
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explains 10.6% of the total variance and shows a negative relation between AChE and 
AE. 
 
Table 4.2.5. Results of the Principal Component Analysis (PCA) between 
biomarker responses and biological indices. Variables with a loading 
value >0.4 are marked in bold. 
 PC1 PC2 PC3 PC4 
Eigen values 2.614 1.873 1.231 1.057 
Cumulative % variance 26.14 44.87 57.18 67.75 
Loadings of variables     
CR L 60 mm -0.078 -0.186 0.756 0.139 
AE 0.409 -0.255 0.469 -0.473 
RR w 1 g -0.570 0.091 0.516 0.056 
AChE 0.173 -0.103 0.180 0.849 
GST 0.162 -0.673 0.175 -0.191 
GPx 0.286 0.737 0.373 -0.195 
ST -0.038 0.653 -0.270 -0.124 
Lipids 0.709 0.240 -0.267 0.207 
CI 0.893 -0.206 0.072 0.088 
GI -0.818 -0.031 -0.071 0.066 
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4.2.4. Discussion 
4.2.4.1. Geographical patterns of chemical pollution 
The study of chemical pollutants in the sampling area has been tackled in previous 
works, but most of them were local studies, or were focused on one group of pollutants 
(e.g. González-Quijano et al., 2006; Soriano et al., 2006; Besada et al., 2011b; 
Marigomez et al., 2013). This study undertakes by first time an overall assessment of 
the whole N-Atlantic Spanish coast integrating mussel bioaccumulation, and a battery of 
physiological and biochemical biomarkers in wild mussel populations. 
Overall, average levels of pollutants bioaccumulated in the mussels (Figure 4.2.2) 
were higher in the Cantabrian than in the Iberian Atlantic coast. In fact, although more 
than 50% of the Galician population is concentrated on the coast (>500 inhab/km2, INE, 
2007), results of previous studies indicate a low level of pollution in the Galician coast, 
with the exception of localized areas in the inner part of the Rías (Prego et al., 2003; 
Bellas et al., 2011b). Rías of Vigo and Ferrol are the most industrialized of the Galician 
Rías. High ∑13PAHs and ∑7PCBs concentrations reported here can be attributed to the 
influence of these anthropogenic activities. On the basis of the chemical analyses 
described here, the ría of Ferrol might be classified as the most polluted of the Galician 
rías. We report maximum values of ∑9BDEs and ∑DDTs for the entire sampling area, 
and very high ∑7PCBs and ∑13PAHs concentrations. In the ría of Pontevedra, besides 
shipbuilding and port activities, it is worth mentioning a chlor-alkali plant and paper 
mill complex, whose activity over the years has caused a chronic Hg pollution event. 
Temporal trend studies indicate that this situation has improved due to the stoppage of 
emissions (Besada et al., 2002). The high ∑13PAHs concentrations (especially 
anthracene) reported here are also possibly associated to the wood processing within the 
paper mill complex (Soriano et al., 2006). The ría of Arousa is the least polluted of the 
main Galician rías, however, as Soriano et al. (2006), we report elevated levels of 
∑13PAHs in this estuary which deserve a more detailed study. We also found high 
∑13PAHs concentrations in A Coruña which are attributed, in this case, to the oil 
refinery that causes chronic hydrocarbon pollution in the inner part of the ría. Moreover, 
∑7PCBs concentrations are high in this estuary, and are associated, as well as those 
reported in the ría of Vigo, to the port activities. The highest Cd concentrations were 
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found in the Iberian Atlantic coast, but it should be noted that Cd spatial distribution, 
which is relatively homogeneous in this area, is strongly associated with the presence of 
inorganic nutrients originated by natural upwelling, and therefore controlled by the 
regeneration process of the organic matter, rather than by pollution. In fact, Cd 
concentrations in mussel tissues are directly related to the intensity of coastal upwelling 
(Segovia-Zavala et al., 2003), which is specially intense and abundant along this area 
(Cabanas, 2000; Álvarez et al., 2011), and maximum Cd concentrations in mussels were 
found in the less industrialized but most naturally productive ría of Arousa (Beiras et al., 
2003). 
In the Cantabrian area, the coast nearby the cities of Gijón, Aviles, Santander and 
Bilbao has a degraded environmental quality due to the intense and diverse industrial 
(iron and steel industry, shipbuilding, chemical and pharmaceutical industry and wood 
processing) and port activities. Industrial and urban inputs from the cities of Avilés and 
Gijón have increased the levels of pollutants in the area (Soriano et al., 2007; Besada et 
al., 2011a), as we report for metals, ∑13PAHs and ∑7PCBs. Santander bay holds a 
diversified industrial activity in its margins, which is mainly affecting the inner part of 
the bay (González-Quijano et al., 2006). Maximum levels of ∑13PAHs for the whole 
sampling area, and also high levels of Pb, ∑7PCBs and organochlorine pesticides, were 
found in this bay. Moreover, Hg and Pb present their highest concentrations in the 
coastal area of ca. 200 km situated between Cape Peñas and Cape Ajo (between Avilés 
and Santander cities). The residues of abandoned Hg and Zn-Pb mines in the vicinity of 
this coastal region, which were among the largest deposits in Europe at their time 
(Fernandez-Martinez et al., 2005; Irabien et al., 2008), may be the cause of the high 
concentrations found for these metals. Bilbao metropolitan area (> 1 million inhabitants, 
3625 inhab/km2, Leorri et al., 2008) is among the most densely populated and highly 
industrialized regions in the Bay of Biscay. Urban and industrial untreated effluents 
have been discharged into the Nervión estuary for many years, giving rise to elevated 
concentrations of several pollutants, as this study reports for ∑7PCBs (maximum value), 
organoclorine pesticides (∑HCH maximum value), ∑13PAHs and metals, which have 
severely deteriorated the estuary (Bartolomé et al., 2006; Soriano et al., 2007; Tueros et 
al., 2009). High levels of ∑13PAHs, ∑9BDEs, ∑7PCBs and ∑DDTs were also detected 
in site 39, a fishing village nearby Bilbao. These high pollution levels may be associated 
with the strong industry (especially the paper industry) settled along the Oria river. 
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According to the pollutant data presented here, 6 from the 10 highest calculated 
MPI values correspond to sampling sites located nearby large cities: Bilbao, Ferrol, 
Santander, Avilés and Gijón, whereas four sites located nearby villages or small cities 
showed also MPI values >1 (including the second highest MPI value): Orio, Suances, 
Castro-Urdiales, Hondarribia. 
Studies of temporal trends of pollutants in mussel tissues from this area indicate a 
declining trend in several groups of pollutants including PCBs, PAHs and metals related 
to anthropogenic activities (Hg and Pb) (OSPAR Commission, 2010), although punctual 
increases in certain areas were also observed (Bellas et al., 2011a). 
4.2.4.2. Interpretation of biological effects data 
The use of biological responses in marine pollution studies has been repeatedly 
advocated, but it is hampered by the interference of natural intrinsic and environmental 
variability, and the difficulties to develop adequate assessment criteria, that frequently 
show spatial variation and have to be agreed at the level of marine subregions. ICES has 
been working for over 20 years on this matter, and has agreed common BAC and EAC 
values for several biological responses, but recently some controversial has arisen 
regarding the BAC and EAC values for SFG (ICES, 2013). SFG data depend on the 
standardized laboratory conditions used in the measurements, mainly temperature and 
food concentration. In the present study, and following the methodology established by 
Albentosa et al. (2012) for the Spanish Marine Pollution monitoring program, a food 
concentration of 0.5 mg organic matter/L was used. Maximum and minimum values in 
the cited study were of the same range (39-9 J g-1 h-1) as those observed in the present 
survey: 39-14 J g-1 h-1. Albentosa et al. (2012) considered 30 J g-1 h-1 as a reference 
value, since values of 39 J g-1 h-1 were only observed in two sites and were classified as 
outliers, and the same reference value was used in the present study. According to these 
criteria, only 3 sites (17, 19 and 34) showed ‘moderate stress’. In general, SFG values in 
the present survey (mean SFG 27.4 J g-1 h-1) were higher than those obtained during 
2007 and 2008 surveys (mean SFG 24.0 J g-1 h-1) for the same sampling sites. It is 
possible that a reference value of 35 J g-1 h-1 could be more appropriate for the 2010 
data than the value of 30 J g-1 h-1 considered for the previous surveys. With this new 
reference value, two more stations (20 and 40) would be classified as ‘moderately 
stressed’. Anyhow, a point worth noting is that not a single station recorded a ‘high 
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stress’ situation with any of the reference values considered. All sites classified as 
‘moderately stressed’ showed ∑13PAHs and ∑7PCBs concentrations above current 
environmental criteria. Sites 17, 19, 20 and 40 showed concentrations of congeners 
CB101, CB118 and CB138 above the OSPAR EAC, and sites 19, 20 and 34 were 
classified as ‘markedly polluted’ following criteria proposed by Green et al. (2012) for 
∑7PCBs (19, 20) and BaP (34). 
Available BAC and EAC values have also been developed for AChE in mussels 
(ICES, 2013). However, the range of proposed values is too wide, suggesting some 
differences in the methodology used among different research groups. Thus, BAC and 
EAC values of 15 and 10 nmol min-1 mg-1 prot (Spanish Mediterranean waters), and 26-
30 and 19-21 nmol min-1 mg-1 prot (French Atlantic waters, French Mediterranean 
waters, Portuguese Atlantic waters), have been proposed. According to those criteria, 12 
sites would show inhibition of the AChE activity when we use the Spanish 
Mediterranean EAC, and most values (36 sites) when we use the French and Portuguese 
EACs. In this regard, and using the same methodology applied by the WGBEC for 
development of BAC and EAC, we obtain the following criteria: BAC=10 and EAC=7 
nmol min-1 mg-1 prot, for the mussel populations of this study. Using this EAC, only site 
30 would show inhibition of the AChE activity. The observed AChE inhibition could be 
due to the high Hg concentration detected in this site (0.62 mg kg-1 dw), which was 
classified as ‘markedly polluted’ on the basis of the criteria proposed by Green et al. 
(2012). In agreement with our results, other authors reported inhibition of 
cholinesterases in the crab Carcinus maenas and in the fish Pomatochistus microps 
exposed to Hg (Elumalai et al., 2007; Vieira et al., 2009). 
No available criteria exist for GST and GPx. The relation between both enzymatic 
activities can be explained by their metabolic role in the cell. GPx is an antioxidant 
enzyme known to regulate endogenous reactive oxygen species (ROS) at relatively low 
levels, to maintain normal functions of the cell (Livingstone et al., 1990). On the other 
hand, GST is a phase II biotransformation enzyme that may act as a complement of the 
antioxidant defense system of the cell (Sheehan et al., 2001). The definition of 
environmental criteria using present data is conditioned by the high variability of these 
enzymatic activities, particularly for GPx, along the sampling area, and a more profound 
study of these biomarkers is needed. BAC and EAC tentative values for GST are 44 and 
57 nmol/min/mg prot, but no reliable values were obtained for GPx. On the basis of 
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those EAC values, 16 sites would show GST induction, the highest value being found in 
site 29, where mussels showed ∑13PAHs and PCBs (congeners 101, 118, 138) values 
above the OSPAR EAC. 
Several authors have outlined the problems arising from the interpretation of 
multiple biomarker responses in marine pollution studies (e.g. Allen and Moore, 2004; 
Brooks et al., 2009). Pollutants act upon different receptors and present different modes 
of action, causing a variety of biochemical effects in organisms. Thus, individual 
biomarkers would indicate specific alterations on the organism’s health status 
(Depledge et al., 1993), and contradictory results may be expected since, for instance, 
effects at the molecular or cellular level may not be detected at the whole organism 
level (Walker et al., 2001; Brooks et al., 2009), as we report here. With the aim of 
applying an integrated tool for the analysis of the individual biomarkers that may 
provide an assessment of the overall health status of the organism, beyond variations 
observed among different biological responses, we have used an Integrated Biomarker 
Response (IBR) (Beliaeff and Burgeot, 2002). Overall, the healthiest mussels according 
to the IBR were those collected from site 32. These mussels showed high physiological 
rates, high AChE activity (indicating absence of neurotoxic effects), and GST and GPx 
activities close to the baseline values calculated for this region. However, this site 
showed the highest Pb levels in the study (28.1 mg kg-1 dw), indicating that those 
concentrations did not affect the biological responses measured here. The highest IBR 
was detected in site 19, due to low SFG and AChE activity, and high GST and GPx 
values. This site presented high ∑9BDE concentrations, and was classified as ‘markedly 
polluted’ by ∑7PCBs, and ‘moderately polluted’ by ∑DDTs. Among the four sites with 
values below the IBR 10th percentile, two of them (site 1 and 15), did not exceed the 
environmental criteria for any pollutant, whilst the other two (32 and 39), were 
‘markedly polluted’ by Pb and ∑7PCBs, respectively. Also, four sites showed IBR 
values above the 90th percentile (sites 19, 11, 17 and 33), among which only one (site 
11) did not exceed the environmental criteria for any pollutant, and the other three sites 
exceeded the criteria for ∑7PCBs, ∑13PAHs and/or ∑DDTs. 
4.2.4.3. Linking chemical pollution and biological effects 
The relationship between the presence of pollutants in the environment and the 
disruption of the biological responses used here has been suggested in previous studies 
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(e.g. Widdows et al., 2002; Richardson et al., 2008; Vidal-Liñán et al., 2010; Albentosa 
et al., 2012). These relations were also demonstrated in laboratory experiments with 
individual pollutants (Widdows and Donkin, 1991; Donkin et al., 1997; Canesi et al., 
1999; Akcha et al., 2000; Richardson et al., 2008). According to the PCA conducted 
with chemical variables and biological responses, ∑13PAHs, Hg and Pb are weakly 
associated to GST induction, but organochlorines (∑7PCBs, ∑DDTs, ∑HCHs, 
∑chlordanes) and ∑9BDEs seem to be the main responsible of the observed effects on 
physiological responses and on GPx induction. This finding is supported by the 
significant correlations obtained between organochlorines and IBR (∑DDTs: r=0.371, 
p<0.05, and ∑HCHs: r=0.326, p<0.05). Previous field studies have identified those 
pollutants as partially responsible of the reduction in the physiological fitness and the 
induction of the antioxidant activity of mussel’s populations (Widdows et al., 1997; 
Vidal-Liñán et al., 2010; Albentosa et al., 2012), and Donkin et al. (1997) quantified the 
effect of selected organoclorines (including γ-HCH), on the clearance rate of M. edulis 
in laboratory experiments. The calculated effect concentrations (ca. 300 mg/kg dw), 
though, are orders of magnitude higher than the concentrations reported here, indicating 
that organochlorines alone cannot explain the observed toxicity. PAHs were also 
significantly correlated with the decrease of the SFG, as previously reported in large 
scale studies on the Irish and North Seas (Widdows et al., 1995; Widdows et al., 2002). 
Although these authors attribute the inhibition of SFG mainly to hydrocarbons, they 
report much higher concentrations than those found in the present study. On the other 
hand Albentosa et al. (2012) did not find an effect of PAHs on SFG. It is also worth to 
mention that the significant positive relationships observed between Cd and the 
physiological responses, once again, point to a biogeochemical role of this metal in the 
sampling area (e.g. Cullen et al., 1999; Finkel et al., 2007), rather than to an association 
to anthropogenic inputs. 
The lack of correlation observed here between pollutants and biochemical 
responses, with the exception of a single positive correlation between ∑HCHs and GPx, 
is in disagreement with other studies carried out in the Galician Rías (Vidal-Liñán et al., 
2010; Vidal-Liñán et al., 2013). This may be related to the larger geographical scale and 
the diversity of sampling sites in the present work, in contrast to small scale studies in 
homogeneous environmental scenarios, with few sampling sites. In this sense, GPx 
activity has been found to be affected by environmental conditions such as food 
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availability or the reproductive cycle (Borkovic et al., 2005), and high activities found 
in relatively unpolluted sites may result from disturbance of the oxidative stress levels 
caused by natural factors rather than to pollution (Brochetti and Regoli, 2006). 
The application of MPI has been proven to be very useful to establish 
relationships between pollutant concentrations and their effects on living resources, at 
both the organism and the community levels (Bellas et al., 2011b; Beiras et al., 2012). 
However, despite the individual relationships between pollutants and biological 
responses detected here, no significant correlations were observed between any 
biological response and the MPI. As commented above, the wide range of the sampling 
area, covering two different oceanographic regions, and the number of sampling sites 
employed, introduces inter-sites variation of the environmental conditions that would 
reduce the strength of the correlations observed between chemical and biological 
variables. 
The study of the variability of biological responses associated to biotic and abiotic 
factors other than pollutants is among the most relevant pending issues needed to 
progress in relating the presence of toxicants in the marine environment to adverse 
effects on ecosystems, particularly in large-scale studies covering a wide range of 
environmental conditions. Environmental variables that affect biochemical, metabolic or 
physiological activities may act as confounding factors that alter the organisms’ 
responses to pollution (Moriarty, 1999). Thus, different studies have had difficulties in 
establishing the link between pollutant exposure and biological effects in mussel 
populations. Often, the lack of correlations has been attributed to the presence of 
unmeasured pollutants (e.g. Brooks et al., 2009; Fernández et al., 2010), but 
confounding factors such as food availability, age differences or the period of the 
reproductive cycle have also been highlighted (Koehler, 1989; Regoli, 1998; Viarengo 
et al., 2007; Albentosa et al., 2012). Current investigation within our research group 
targets the issue of modelling the influence of confounding factors on biological 
responses to pollution in wild mussels (BIOCOM project). 
As it was pointed out in previous surveys (Albentosa et al., 2012) and in literature 
(Filgueira et al., 2008), we described a significant influence of CI on physiological 
responses, in particular on the CR standardized to weight, CI explaining 52% of the CR 
variation (r=-0.515, p<0.01). In this regard, and taking into account that the effect of 
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pollutants on the SFG is mainly explained by its effect on the CR (Smaal et al., 1991; 
Toro et al., 2003; Beiras et al., 2012), the length standardization of the CR has been 
proposed as more appropriate than weight standardization for comparative purposes 
(Iglesias et al., 1996; Labarta et al., 1997). However, the overall influence of mussel 
condition on SFG was not as clear as that observed in 2007 and 2008 surveys 
(Albentosa et al., 2012). Whereas in the cited study a correlation coefficient of r=-0.617 
was described, in the present study this coefficient was not significant (p>0.05). On this 
point, it is noted that mussel condition range was 30% higher in the 2007-2008 study 
(max: 18.2, min: 6.8, range: 11.4), compared with the present study (max: 15.7, min: 
7.6, range: 8.1). These data point to the inter-annual variability of food availability as 
responsible of mussel condition and it should be taken into account in the biomarkers’ 
responses in annual monitoring programs. 
Despite the significant effect of CI on mussel physiology, ST appeared here as the 
main environmental influence on the SFG values. As well as it was described for 
previous surveys, a negative correlation between SFG and ST was found, being this 
relationship stronger (r=-0.566, p<0.001) than described before (r=-0.465) (Albentosa et 
al., 2012). In fact, Albentosa et al. (2012) reported a stronger influence of CI than ST on 
the SFG, which may be interpreted in terms of the high abundance of food, particularly 
during 2008, associated to the high upwelling indices observed in that year 
(www.indiceafloramiento.ieo.es). The stronger influence of ST on the SFG observed in 
the present survey may be related to the lower food availability for mussel populations, 
caused by lower mean upwelling indices registered both in the Atlantic (-335.27 m3/s × 
km) and Cantabrian (-521.64 m3/s × km) areas (www.indiceafloramiento.ieo.es), that 
would confer more importance to the effect of age than condition on mussel physiology. 
The relationship between ST and SFG is due to the negative effect of ST on feeding, as 
absorption efficiency or respiration, were not significantly related to ST. If we consider 
ST as being indicative of mussel age (Frew et al., 1989; Yap et al., 2003), we should 
conclude that feeding rate is reduced with age. Similar results were described by 
Sukhotin et al. (2003) with Mytilus edulis, where a reduction in the mussel pumping rate 
was observed in older animals, whereas the respiration rate did not demonstrate such 
age-specific differences. In a previous study, the same authors (Sukhotin et al., 2002) 
showed significantly lower growth rates associated with the aging process. As 
respiration rates did not show a clear correlation with age, feeding rate decreases could 
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be the cause of these lower growth rates, as it can be deduced from our results. At the 
biochemical level, PCA grouped ST with GPx and GST, indicating a positive effect of 
ST on GPx and negative on GST. This finding suggests that age may increase the level 
of endogenous ROS and, therefore, induce GPx basal activity, and that may impair the 
response capacity of the cell against oxidative stress, by reducing GST activity, as has 
been previously observed (Canesi and Viarengo, 1997). 
In conclussion, high levels of pollutants were found in mussel populations located 
close to major cities and industrialized areas and, in general, average concentrations 
were higher in the Cantabrian than in the Iberian Atlantic coast. The combination of 
chemical variables and biological responses identified certain pollutants (PCBs, 
organochlorine pesticides and BDEs) that are responsible, at least in part, of toxic 
effects in mussel populations, and contributes to establish the link between chemical 
pollution and harmful effects on marine organisms. However, the alteration of 
biological responses caused by pollutants seems to be, in general, masked by biological 
variables, namely age and mussel condition, which have an effect on the mussels’ 
response to pollutant exposure. 
A more holistic approach in which pollutants are not considered as the only source 
of variability on the biological responses of organisms, but as an additional variable, is 
needed for the correct assessment of marine pollution. This approach requires, as has 
already been emphasized by Warren and Liss (1977), that pollution studies incorporate 
the analysis of other environmental variables, and that biological responses to pollution 
are examined in a wide range of environmental conditions. 
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4.3. Conclusions 
 
 
1.  Sediment contamination, summarized by the CPI, significantly correlated with 
the accumulation of contaminants in mussels, quantified by the MBI. 
2. GST was the biomarker that better correlated with the chemical pollutants 
analyzed, indicating that the GST activity may be affected by organic and trace 
metal pollution. 
3. Elevated levels of the GPx activity were found at highly polluted sites (Vi2 and 
Pa5), indicating that this enzyme may be affected by organic pollution. 
4. AChE was the biomarker that showed the highest sensitivity to chemical 
pollution. 
5. In a passive monitoring campaign including mussel accumulation and both 
enzymatic and physiological biomarkers, multivariate statistical techniques 
pointed at PCBs, organochlorine pesticides and BDEs as the main responsible of 
the biological effects.  
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5.1. General discussion 
 
 
5.1.1. Methodological standardisation 
The correct use of enzymatic activities as environmental biomarkers requires a 
previous knowledge of its natural variability. Many intrinsic (genetics, age, reproductive 
status, etc.) and extrinsic (temperature, food availability, tidal position, etc.) factors 
fluctuate in time and space. Taking into account the influence of these factors on the 
background levels of the biomarkers is essential to improve data analysis, make these 
biological tools more powerful to detect environmental change, and minimise erroneous 
interpretation of the results in monitoring surveys.  
In addition, not all the mussel enzymatic biomarkers proposed are equally suitable 
in terms of sensitivity, robustness and interference by non-anthropogenic factors. These 
aspects were compared here in order to select a limited number of biomarkers as 
recommendable to be used in a battery of biological tools for routine pollution 
monitoring programs. 
5.1.1.1. Designing sample size 
The primary goal in coastal biomonitoring programs is to detect spatial and/or 
temporal patterns in targeted biological responses. To achieve this objective it is 
necessary to evaluate the background noise introduced by inter-individual variability 
due to genetic differences, in order to determine the sample sizes appropriate to detect a 
desired difference between sample means at a given confidence level. In this thesis this 
crucial aspect of the monitoring design was evaluated taking advantage of the data set 
on GST, CAT, GPx and AChE activities measured in a large number of mussels from 
five locations with different degrees of pollution. Considering a standard confidence 
level (α=0.05) and statistical power (90%), a sample size of 12 mussels allows 
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detection of 15% differences in GST and CAT activities, 20% differences in GPx 
activity, and 22% differences in AChE activity. 
5.1.1.2. Choosing target organ 
Sensitivity is one of the main practical requirements for a biomarker to be used in 
monitoring programs (Sanchez and Porcher, 2009). The selection of the target organ 
where the magnitude of response is the highest is thus an important factor to be taken 
into account for the development of useful biomarkers. Results of the present thesis 
indicate that GST, GPx and AChE activities are higher in gills than in the digestive 
gland of mussels. Since gills are the first organ to be exposed to waterborne pollutants 
and constitute the major entry site for uptake of dissolved pollutants, it is reasonable to 
expect that the level of oxidative processes in this tissue is maximum (Lau and Wong, 
2003; Power and Sheehan, 1996; Soldatov et al., 2007). 
In contrast, CAT activity was markedly higher in the digestive gland than in the 
gills. In agreement, Regoli (1998) found 2-3 folder higher CAT activity levels in M. 
galloprovincialis digestive gland than in the gills. According to Livingstone et al. 
(1992), the digestive gland is the major site of xenobiotic and oxy-radical generating 
biotransformation enzymes, which may account for the higher CAT activities observed 
in this organ. 
5.1.1.3. Selecting tidal position 
For practical reasons, most coastal monitoring programs rely on intertidal 
mussels, due to easier collection compared to individuals from subtidal habitats. The 
physiology of sessile intertidal organisms is strongly affected by exposure to air and 
abrupt changes of temperature. In particular, tidal conditions have been reported to alter 
several biochemical responses in mussels (e.g. Charles and Newell, 1997; Izagirre et al., 
2008). However, less effort has been devoted to the evaluation of the variability of 
enzymatic biomarkers related to the tidal conditions in the field. The valve closure 
during emersion, and the subsequent loss of water from the pallial cavity, implies a 
decrease in oxygen tension in the tissues; mussels thus rapidly experience hypoxia, or 
even anoxia, when emersion is prolonged (Letendre et al., 2008). One strategy 
commonly used by intertidal bivalves during tidal exposure is a reduction in oxygen 
consumption. Some bivalves, including Mytilus edulis and Mytilus galloprovincialis, 
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show reductions of up to 80% in their oxygen uptake under these conditions (Widdows 
et al., 1979). 
The results about the influence of tidal height in the basal enzymatic activities 
presented here indicate that this is an important factor that must be standardised when 
determining GST and CAT activities, while GPx and AChE activities are unaffected. 
Mussels from the low-intertidal level would be the most adequate for monitoring, since 
they are more time in contact with waterborne pollutants and show higher background 
GST activity. Izaguirre et al. (2008) also recommended mussel collection at low 
intertidal level because background lysosomal membrane stability decreased as tidal 
height increased. 
5.1.1.4. Exploring seasonal variability 
Changes in biomarker levels may be simply related to the natural physiological 
cycle of the species, driven by temperature and food availability, and thus quite 
unrelated to changes in exposure to chemical pollution (Sheehan and Power, 1999). One 
of the main problems which are currently limiting the applied use of biomarkers in 
routine monitoring is the discrimination between the effects of pollutants and natural 
sources of seasonal variability. In fact, international monitoring programs advice taking 
samples during the same season, either on late autumn/early winter, when mussels are in 
a more stable physiological state, or before the spawning season (e.g. OSPAR, 2010). 
In this thesis we observed some seasonal variation in all biomarkers studied, 
although gill GST and GPx activities showed rather uniform patterns, whereas 
levels of CAT in the digestive gland and AChE in the gills did show significant seasonal 
variability. Moreover, GST and GPx activities showed significant variability in the 
more polluted sampling sites but not in the control site. This finding may suggest that 
the inter-campaign variations in GST and GPx activities found here are not related to 
environmental factors such as food availability or reproductive cycle, but to actual 
differences in the concentrations of pollutants in the polluted sites. 
Concerning the results of the laboratory experiments on temperature effects, after 
7 days acclimation to temperatures ranging from 13.5 to 23.5 ºC, no significant 
differences in GST (p = 0.116), GPx (p = 0.109) or CAT (p = 0.064) activities were 
detected, whilst temperature significantly affected AChE activity (p < 0.01). 
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In conclusion, when using mussel enzymatic biomarkers in the assessment of 
marine pollution, the sampling design must take into account the natural sources of 
variability, choosing areas of comparable oceanographic conditions in the environment 
and physiological conditions of the mussels. Modelling the seasonal variation in 
reference populations as a function of either sampling time or explicative environmental 
variables, and setting variable rather than constant assessment criteria seems an 
alternative approach that would allow sampling all year round.  
5.1.1.5. Field validation of the responsiveness to chemical pollutants 
When the enzymatic activities of the selected biomarkers were compared to the 
levels of chemical pollutants accumulated in the mussels from a first field survey, 
significant correlations were found between GST activity and Cu, Zn, PAHs and 
organochlorinated compounds (PCBs and DDTs). However, no significant correlation 
was observed for the antioxidant enzymes GPx and CAT. In a second field survey, both 
GST and AChE identified the most polluted places with increased and inhibited levels, 
respectively. In contrast the pattern found for GPx was more difficult to interpret. 
Multidimensional scaling (MDS) and cluster analyses are employed to explore 
multivariate set of data, and to obtain a global vision of the results in order to identify 
groups with similarities (Shin and Fong, 1999). In the first field survey included in the 
present thesis, high correspondence was found between multivariate analysis based on 
chemical analyses and those performed with biomarkers data. We can thus conclude 
that the combined use of a battery of enzymatic biomarkers, in this case GST, GPx and 
CAT, allows the classification of sampling sites in groups, in consistency with the 
analytical chemistry data.  
 
5.1.2. Response to environmentally relevant pollutants in laboratory 
exposures 
5.1.2.1. Bioaccumulation of selected pollutants 
This study confirmed that the investigated organo-halogenated compounds, BDE-
47 and PCB-153, tend to accumulate in mussels, with high bioconcentration factors. 
BCFBDE-47 = 10,900 L Kg-1 ww, and BCFPCB-153= 9,324 L Kg-1 ww. The high BCF 
values were due to the low depuration rates (Kd = 0.081 day-1 for the BDE and Kd = 
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0.083 day-1 for the PCB), which suggests that M. galloprovincialis mussels have a 
limited capability for the biotransformation of these compounds. The PCB-15 congener 
is typically recalcitrant in most biota due to their high log Kow and high persistence, and 
because it is non-metabolizable (Boer et al., 1993), especially in invertebrates tissues 
(Kannan et al., 1995). Since the behaviour of BDE-47 and PCB-153 in solution is not 
stable, the assumption inherent to the asymptotic model used for BCF calculations of 
constant water concentration is not fulfilled. Therefore the BCF values calculated using 
this model are underestimated, and actual values would be higher should water 
concentrations be actually constant. Gustafsson et al. (1999) found for BDE-47 a mussel 
BCF = 26000 LKg-1ww in exposures via food. 
The BCF for 4-NP was 6,850 L Kg-1, but the excretion rate, 0.248 ± 0.263 d-1, 
was markedly higher than that for organo-halogenated compounds, and equivalent to a 
half life for 4-NP in the soft tissues of only 2.79 days, remarking the high depuration 
ability of the mussel. 
In fact, during the exposure phase of the kinetics experiment we have found that 
4-NP concentration did not achieve equilibrium, and a sharp decrease in tissular 
concentration was observed after the peak at day 15. This high depuration ability is 
consistent with our findings showing statistically significant induction of GST activity 
after 15 d exposure to 4-NP (see below). Fish can biotransform 4-NP into readily 
excretable metabolites (Arukwe et al., 2000), and the present results support that 
bivalves have also the ability for 4-NP biotransformation through a pathway involving 
the induction of the phase II enzyme GST. 
Accumulation of Pyr did not follow an asymptotic model. At a nominal water 
concentration of 100 µg L-1 Pyr, the uptake was very fast during the first 9 days of 
exposure, increasing up to 157 mg Kg-1 ww, equivalent to an uptake rate of 17 mg·Kg-1 
ww·d-1, and a mussel concentration 1570-fold compared to water. However, after 10 
days of exposure a sharp decrease in Pyr concentration takes place, apparently due to a 
peak in BPH activity between days 10 and 20.  
5.1.2.2. Effects on biomarkers 
The Table 5.1. summarizes the general patterns of response to the model 
pollutants exhibited by the selected enzymatic biomarkers.  
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Table 5.1. Patterns of response to pollutants by the different enzymatic biomarkers. 
 BDE-47 PCB-153 4-NP Pyr 
GST - - + no effect 
GPx +- inconsistent + x d only + inconsistent no effect 
AChE - no effect - - (5 d only) 
BPH n.s. n.s. n.s. + (15 d only) 
 5.1.2.2.1. GST 
The GST activity was significantly inhibited at all concentrations tested in the 
dose:response experiments with both BDE-47 and PCB-153,. Ji et al. (2013) observed 
that one protein of sigma class glutathione S-transferase 2 was significantly down-
regulated in mussel gills exposed to 10 µg L-1 of BDE-47, which was related to the 
reduction of reactive oxygen species (ROS) production. In accordance with our results, 
Parolini et al. (2012) observed lower GST activity in freshwater mussels, Dreissena 
polymorpha, after only 24 h of exposure to BDE-154. Concerning PCBs, reported data 
are less consistent. GST activity was unaffected by Aroclor 1260 in Dreissena 
polymorpha (Faria et al., 2009), and by Aroclor 1254 in Chamaelea gallina (Rodríguez-
Ariza et al. 2003), thus denoting its marginal role in detoxifying these contaminant. In 
contrast, Michel et al. (1993) reported a slight (20 to 50%) but statistically significant 
increase in GST activity, measured in whole mussel, in M. galloprovincialis exposed to 
nominal PCB-153 concentrations ranging from 6 to 250 µg L-1. It was shown that GST 
isoenzymes display a tissue-specific pattern in mussels (Fitzpatrick & Sheehan, 1993), 
and this may explain differences in GST response among experiments using different 
tissues. Osman et al. (2007) found a significant inhibition in GST activity measured in 
gills of mussels exposed to sediment extracts contaminated with PCBs and PAHs, while 
in the rest of soft tissues analysed there was no effect. Therefore, in general, the 
available results do not support a role of GST in the detoxification of organo-
halogenated compounds by bivalves. 
In contrast, 4-NP consistently induced gill GST activity at concentrations above 
50 µg L-1 and for exposure times longer than 15 days. A concentration-dependent 
induction of the GST activity on M. galloprovincialis digestive gland was also observed 
by Canesi et al. (2008) in response to a mixture of endocrine disruptor compounds 
(including NP), indicating significant metabolism via Phase II biotransformation. 
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 5.1.2.2.2. GPx 
The GPx activity showed inconsistent patterns of response. In BDE-47 exposed 
mussels both induction and inhibition were found depending on concentration and 
exposure time. In the dose:response experiment low BDE-47 concentrations induced 
GPx whereas higher concentrations caused inhibition. This might be explained 
considering the theoretical bell-shaped pattern of response in inducible biomarkers 
(Dagnino et al. 2007), but it is not consistent with the significant induction found at the 
highest concentration tested after 30 d exposure. The patterns of response to PCB-153 
and 4-NP were also difficult to interpret. This erratic and time-dependent pattern of 
response does not support the use of GPx as a biomarker of chemical pollution. 5.1.2.2.3. AChE 
 In this thesis, we demonstrate by first time neurotoxic effects of BDE-47 and 4-
NP on mussels. AChE activity presented significant inhibition by BDE-47 at all 
concentrations tested after 30 d exposure, and after 2, 9 and 20 d exposure in the 
kinetics experiment. Nevertheless, this inhibition was reversible, and this enzyme 
recovered the pre-exposure levels after the 10 d depuration period. McHenery et al., 
(1997) also showed that mussel gill AChE activity can recover to almost pre-exposure 
levels after a first exposure of dichlorvos, though the degree of recovery is not as great 
after a second exposure. For 4-NP, AChE inhibition takes place from 75 µg L-1 and at 
long exposure times. Pyr also inhibited AChE but only at short exposure times, whereas 
we did not find any effect of PCB-153 on this enzyme.  
AChE has long been considered as a specific biomarker for organophosphate and 
carbamate insecticides (Galgani and Bocquené, 1989; Escartín and Porte, 1997). Recent 
studies have shown that other types of pollutants, such as heavy metals, surfactants and 
PAHs, may also inhibit AChE activity (Guilhermino et al., 1998; Akcha et al., 2000; 
Regoli and Principato, 1995; Grintzalis et al., 2012). The present thesis confirms the 
usefulness of mussel AChE as a non-specific biomarker of chemical pollution.  5.1.2.2.4. BPH 
The phase I biotransformation enzyme most frequently used as biomarker of 
marine pollution is the EROD, but the level of background activity of this enzyme in 
mussels is controversial. According to Livingstone (1996), mussels lack significant 
EROD activity, and benzo[a]pyrene hydroxylase (BPH) has been proposed as an 
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alternative biomarker induced by PAH and other organic compounds in bivalves (Akcha 
et al.2000; Azdi et al. 2006; Banni et al. 2010). In contrast, Sureda et al. (2011) reported 
EROD activities in mussels affected by an oil spill, and we have found low but 
measurable EROD activity in mussels from Vigo harbour (data not shown). 
The present thesis explored the use of BPH as a potential phase I biomarker in 
mussels. We have found a sharp peak of BPH activity in mussels exposed to Pyr, but 
more research would be necessary to provide sufficient data to draw solid conclusions 
on the potential utility of mussel BPH in monitoring programs. 
 
5.1.3. Use of mussel enzymatic biomarkers in active and passive pollution 
monitoring programmes.  
5.1.3.1. Active monitoring 
In the monitoring study conducted in Galician and Basque Country harbours with 
transplanted mussels, sediment contamination, summarized by the CPI index, 
significantly correlated with the accumulation of contaminants in mussels, quantified by 
the MBI index (p=0.02). The correlation coefficient (r=0.657) indicates that 
transplanted mussels provide information about the water column contamination that is 
related to, but not redundant with, sediment chemistry. In the same study, the results of 
the correlation analyses indicate that the GST activity in mussels may be affected by 
organic and trace metal pollution. In particular, GST was positively correlated with the 
concentration of B[a]P in mussel tissues (r2 = 0.561; p=0.005). This has been previously 
observed for Mytilus edulis by Gowland et al. (2002), who reported an induction of 
GST activity in digestive gland by 5- and 6- ring PAHs. Significant positive correlation 
was also found between gill GST activity and Cu content in mussel tissues (r2 = 0.481; 
p=0.012), in agreement with the results of the redundancy analysis that pointed to Cu 
bioaccumulation as a cause of increased GST activity. The influence of Cu in the levels 
of GST activity in transplanted mussels has also been previously reported (Damiens et 
al., 2007). 
In this thesis, elevated levels of the GPx activity were found at highly polluted 
sites, where the results of the correlation analyses indicate that GPx activity may be 
affected by organic pollution. Redundancy analysis pointed also to Cu bioaccumulation 
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as the cause for increased GPx activity, although significant correlation was not 
observed (p=0.07). In general, the GPx activity significantly correlated with the MBI 
index (r2= 0.392; p=0.029). In particular, it was positively correlated with the 
concentration of B[a]P in mussel tissues (r2= 0.350; p=0.043). 
In this work, AChE activity was the most responsive biomarker, showing 
significantly inhibited levels at three sites in the Port of Vigo and Pa2 in the Port of 
Pasaia. AChE activity was found to be negatively correlated with the CPI index (r2 = 
0.541; p=0.006), GST activity (r2 = 0.478; p=0.013) and Cu content in mussel tissues 
(r2 = 0.617; p=0.002). In agreement with our results, Damiens et al. (2007) observed 
lower AChE activity in mussels transplanted to copper-polluted stations in the Bay of 
Cannes. 
In conclusion, this study establishes the link between chemical pollution and 
biomarkers in transplanted mussels. In particular, Cu, PAHs and PCBs, were pointed 
out as the main responsible of the observed biomarkers alterations. We have identified a 
gradient in the Port of Pasaia with environmental status decreasing towards the inner 
part of the port, whereas in the Port of Vigo, an area with poorer environmental status 
was located at sites Vi1 and Vi2, close to the shipyards. 
5.1.3.2. Passive monitoring 
In the present thesis, the activities of GST, GPx and AChE have been measured in 
native mussels from N-NW Spanish coast, along with the levels of metals, PAHs, PCBs, 
BDEs and organochlorinated pesticides. No significant correlations were observed 
between the biomarker activities and any of the pollutants measured, nor between 
biomarkers and the MPI. However, according to the PCA conducted with chemical 
variables and biological responses, Σ13PAHs, Hg and Pb were weakly associated to 
GST induction. The wide range of the sampling area, covering different oceanographic 
regions, introduces inter-sites variation of the environmental conditions that would 
interfere with the background enzymatic activities. For example, according to the PCA 
results, there is a positive effect of mussel age on background GPx activity, and 
negative on GST. Mussels between 40-60 mm were used, and considering the large 
differences in temperature and food availability along the studied area, this may include 
relevant age differences among sampling areas. 
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Figure 5.1. GST activity in gills of wide mussels from the N-NW Spanish coast. 
 
The variability in GST results found along the N-NW Spanish coast is shown in 
Figure 5.1. A smooth pattern of geographical variability can be observed, where 
neighbour sites tend to show similar GST values, even when these neighbour sites may 
present large differences in chemical pollution. For example, sites Ares, Ferrol-Palma, 
Ferrol-Pías and Cedeira show very similar GST values (ranging from 47 to 54 nmol 
min-1 mg-1 P). This seems to be due to geographical reasons, since sites Ferrol-Palma 
and Ferrol-Pías are two of the most polluted sites of all the N-NW Spanish coast 
according to the MPI value, whilst sites Ares and Cedeira would be classified as clean 
according to the same index.The larger the area covered by a monitoring program, the 
higher the natural variability will be expected on environmental factors such as food 
availability, temperature or salinity, and therefore on intrinsic factors such as age, 
condition or reproductive status. Indeed, all gametogenesis stages observed during one 
year can coexist at the same season when different oceanographic regions are 
concurrently studied, as reported by González-Fernández et al. (2015) for the same sites 
of the Spanish Marine Pollution Monitoring Programme studied in this thesis (Figure 
5.2.). A similar pattern of smooth variability among neighbor sites, as that observed for 
GST, can be seen, especially from site 02 (Sta. Mª Oia) to site 29 (Gijón). 
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Figure 5.2. Gonadosomatic index (solid line) and sexual maturity index (broken line) of mussels sampled in 
November 2012 along the N-NW Spanish coast (González-Fernández et al. 2015). 
 
5.1.4. Future developments 
Inter-site and inter-sampling variation of the natural environmental conditions 
causes variation in the background values of the enzymatic biomarkers, thus interfering 
with the correct interpretation of the monitoring results. These confounding factors may 
be offset by using variable rather than fixed baseline levels of the biomarkers, derived 
from models estimating the background enzymatic activity as a function of the 
interfering natural conditions (temperature, food availability, gametogenic stage, etc.). 
The way forward for the use of enzymatic biomarkers in the assessment of marine 
pollution is to further establish the link between cellular and molecular pollutant-
induced changes and the effects on fitness-related variables at the individual/population 
level, including growth and reproduction impairment. In this sense, the new ‘omic’ 
technologies developed over recent years provide information about gene expression, 
protein synthesis and large sets of cell metabolites in organisms exposed to pollutants, 
which may yield new insights into their effects at higher levels of biological 
organization, in order to be able to predict the environmental risk and ecological 
consequences of pollution. 
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5.2. Conclusions 
 
The conclusions associated with each of the objectives are: 
Objective 1: Set up practical procedures for a battery of enzymatic biomarkers using 
the M. galloprovincialis in order to achieve a more feasible application of those 
biological responses for monitoring of coastal areas. 
1. The levels of GST and GPx activity in gills of mussel from reference site did 
not show significant seasonal variability. In contrast CAT activity in the digestive gland 
of mussels from the reference site showed marked seasonal variability. 
2. GST consistently showed two-fold increased values in polluted compared to 
reference sites, whereas GPx and CAT only showed significantly increased activity in 
polluted sites occasionally.  
3. The practical procedures developed within this thesis for the standard 
measurement of M. galloprovincialis enzymatic biomarkers consists of:  
-Measurement of GST, GPx and AChE activities in the gills, where activities 
are higher than in the digestive gland, whereas for CAT the opposite trend was 
found. 
-Taking a minimum  sample size between 12 and 14 individuals, which 
allows detecting significant differences among sites in the activities of these 
biomarkers with a confidence level of α =0.05. 
-Mussels from the low intertidal level would be the most adequate for 
monitoring. Tidal height is an important factor to consider when determining GST 
and CAT activities in intertidal mussels, whilst GPx and AChE activities were 
unaffected.  
4. The combined use of a battery of mussel enzymatic biomarkers allows, by 
using MDS, the classification of sampling sites in categories of environmental status in 
consistency with the analytical chemistry data. 
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Objective 2: To study the response of selected enzymatic biomarkers in M. 
galloprovincialis to environmentally relevant pollutants, in order to quantify the 
sensitivity of the studied biomarkers in controlled laboratory conditions.  
1. This study confirmed that organohalogenated compounds BDE-47 and PCB-
153 tend to accumulate in mussels (BCF 10,900 and 9,324 L Kg-1 ww respectively) due 
to their low capacity for depuration (Kd 0.081 and 0.083 d-1 respectively) which 
suggests that M. galloprovincialis have a limited capability for the biotransformation of 
these compounds. AChE was the biomarker that yielded the highest sensitivity to 
accumulated BDE-47, showing significant inhibition at all concentrations tested after 30 
d exposure. Nevertheless, this inhibition was reversible, and this enzyme recovered the 
pre-exposure levels after the 10 d depuration period. The toxic effect of BDE-47 was 
also revealed by the inhibition of the GST at long exposure times and by the increased 
oxidative stress suggested by the induction of GPx at low concentrations. 
2. PCB-153 did not affect AChE, significantly inhibited GST activity in all 
concentrations after 30 days of exposure, and significantly induced GPx activity was in 
all concentrations but depending on exposure time. 
3. Accumulation of 4-NP in mussels seems to be moderate compared to other 
organic pollutants (BCF=6850 L Kg-1) due to their capacity for elimination (Kd=0.248 
d-1) of this compound. The biotransformation seems to involve GST, which is 
significantly induced in a dose:response pattern with 4-NP exposure. The GST was the 
most sensitive biomarker, responding to concentrations from 50 µg L-1 of 4-NP 
(corresponding to a concentration in mussel of 282 µg g-1 dw), and showing increased 
induction as exposure time increased. 
4. The bioaccumulation of Pyr by mussels did not fit to a first order kinetics 
model because above a threshold of about 160 mg Kg-1 ww BPH activity dramatically 
increased and Pyr concentration decreased. GST and GPx were not affected by the 
exposure to 100 µgL-1 Pyr, whereas AChE activity was significantly inhibited in the 
short term (5 days) but this effect disappeared at longer exposure times. 
 
Objective 3: To validate the potential use of enzymatic biomarkers in combination with 
chemical analysis in M. galloprovincialis, in the active and passive integrative pollution 
monitoring of marine coastal ecosystems. 
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1. GST was the biomarker that better correlated with the chemical pollutants 
analyzed, indicating that the GST activity may be affected by organic and trace metal 
pollution. 
2. Elevated levels of the GPx activity were found at highly polluted sites (Vi2 and 
Pa5), indicating that may be affected by organic pollution. 
3. AChE was the biomarker that showed the highest sensitivity to chemical 
pollution, and it is consistently inhibited by different kinds of substances. 
4. Therefore, a battery of mussel enzymatic biomarkers including GST, GPx and 
AChE is considered a useful biological tool for coastal pollution monitoring, in practical 
combination with accumulation of chemicals in the same mussels, integrated by the 
MBI. 
5. Mussel BPH has potential as enzymatic biomarker representative of Phase I 
biotransformation to be included in the above mentioned battery, but its measurement 
currently requires manipulation of a carcinogenic substance.  
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Los organismos acuáticos, especialmente los bivalvos marinos, exhiben una 
variedad de cambios en la actividad de enzimas relacionadas con las defensas 
antioxidantes, biotransformación y otros procesos fisiológicos afectados por los 
productos químicos que se pueden utilizar como biomarcadores de exposición y efectos 
de los contaminantes. Sin embargo, el uso de estos biomarcadores en la vigilancia 
rutinaria de la contaminación exige el conocimiento previo de la variabilidad natural de 
esas respuestas biológicas, y el diseño óptimo de muestreo y metodología con el fin de 
obtener información fiable útil para la gestión del medio ambiente. Los biomarcadores 
enzimáticos en el mejillón Mytilus galloprovincialis considerados para este trabajo, 
seleccionados entre los más utilizados en los programas de vigilancia, fueron las 
enzimas antioxidantes catalasa (CAT) y glutatión peroxidasa (GPx), la enzima de la 
Fase II de desintoxicación glutatión S-transferasa (GST), y la enzima del catabolismo 
del neurotransmisor acetilcolina, acetilcolinesterasa (AChE). Además, se explora el uso 
potencial de la enzima de la Fase I de desintoxicación benzo-a-pireno hidroxilasa 
(BPH). 
Como contaminantes modelo se seleccionaron el bifenil-eter polibromado BDE-
47, utilizado ampliamente como retardante de llama en muchas aplicaciones 
industriales, el alquil-fenol 4-nonilfenol (NP-4), común en detergentes y productos 
domésticos, el bifenilo policlorado PCB-153, un compuesto utilizado en el pasado en 
los dispositivos eléctricos, y el hidrocarburo aromático policíclico de cuatro anillos 
pireno (Pyr) que se forma durante la combustión incompleta de la materia orgánica. 
Para los cuatro compuestos, se estudió la cinética de toma, depuración y la 
bioacumulación en M. galloprovincialis. Además, se investigaron sus efectos en los 
biomarcadores antes mencionados (GPx, GST, y AChE), y en el caso del Pyr sobre la 
enzima de biotransformación de Fase I, la benzo-a-pireno hidroxilasa (BPH). 
En esta tesis además los biomarcadores enzimáticos estudiados (GPx, GST y 
AChE) fueron utilizados para (a) un control de investigación de la contaminación en dos 
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de los mayores puertos de la costa atlántica del norte de España (Vigo y Pasaia) basa de 
mejillones trasplantados, y (b) el control de vigilancia pasiva de la contaminación de la 
costa norte del Atlántico español en el marco del programa de vigilancia de la 
contaminación marina española llevada a cabo por el Instituto Español de Oceanografía. 
En ambos casos los biomarcadores se midieron simultáneamente a otras variables 
químicas y ecotoxicológicas. Este planteamiento permitió la clasificación de los sitios 
de muestreo sobre la base de análisis multivariante, y validó la utilidad de las 
herramientas biológicas desarrolladas dentro de un enfoque práctico de vigilancia de la 
contaminación costera. 
 
Discusión general y conclusiones 
 
1.1.Estandarización metodológica 
El uso correcto de las actividades enzimáticas como biomarcadores ambientales 
requiere un conocimiento previo de su variabilidad natural. Muchos factores intrínsecos 
(la genética, edad, estado reproductivo, etc.) y extrínsecos (temperatura, disponibilidad 
de alimentos, la posición en el intermareal, etc.) influyen sobre los niveles de fondo de 
los biomarcadores y pueden inducir la interpretación errónea de los resultados del 
seguimiento. 
1.1.1. Tamaño de muestra 
Para detectar patrones espaciales y / o temporales en las respuestas biológicas es 
necesario evaluar el ruido de fondo introducido por la variabilidad interindividual 
debido a diferencias genéticas, con el fin de determinar los tamaños de muestra 
apropiados. En esta tesis se evaluó este aspecto para la GST, CAT, GPx y AChE a partir 
de los datos obtenidos en un gran número de mejillones de cinco lugares con diferentes 
grados de contaminación. Teniendo en cuenta un nivel de confianza estándar (α = 0,05) 
y una potencia estadística del 90%, un tamaño de muestra de 12 mejillones permite la 
detección de diferencias del 15% en GST y CAT, 20% en la actividad GPx, y 22% en la 
actividad AChE. 
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1.1.2. Elección del órgano 
Los resultados del presente trabajo indican que las actividades de GST, GPx y 
AChE son más altos en las branquias que en la glándula digestiva de los mejillones. En 
contraste, la actividad CAT fue marcadamente superior en la glándula digestiva que en 
las branquias.  
1.1.3. Selección de la posición en el intermareal 
Por razones prácticas, la mayoría de los programas de vigilancia costeras 
dependen de mejillones intermareales, debido a la recolección más fácil en comparación 
con los individuos de hábitats submareales. La fisiología de los organismos sésiles 
intermareales está fuertemente afectada por la exposición al aire y los cambios bruscos 
de temperatura. Los resultados sobre la influencia de la altura de la marea en las 
actividades enzimáticas basales presentados aquí indican que este es un factor 
importante que debe ser estandarizada para determinar las actividades de GST y CAT, 
mientras que las actividades GPx y AChE no se ven afectadas. Mejillones desde el nivel 
bajo intermareal serían las más adecuadas para la supervisión, ya que son más tiempo en 
contacto con los contaminantes de origen hídrico y muestran una mayor actividad GST 
fondo.  
1.1.4. Variabilidad estacional 
Los cambios en los niveles de biomarcadores pueden ser simplemente 
relacionados con el ciclo fisiológico natural de la especie, impulsado por la temperatura 
y la disponibilidad de alimentos. Uno de los principales problemas que actualmente 
limitan el uso aplicado de biomarcadores en el monitoreo de rutina es la discriminación 
entre los efectos de los contaminantes y fuentes naturales de variabilidad estacional. De 
hecho, los programas internacionales de vigilancia consejos toma de muestras durante la 
misma temporada, cuando los mejillones están en un estado fisiológico más estable. 
En esta tesis se observó alguna variación estacional en todos los biomarcadores 
estudiados, aunque GST y GPx en branquias mostraron patrones más bien uniformes, 
mientras que los niveles de CAT en la glándula digestiva y AChE en las branquias sí 
mostraron significativa variabilidad estacional. Además, las actividades de GST y GPx 
mostraron una variabilidad significativa en los sitios de muestreo más contaminados, 
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pero no en el sitio de control, indicando que podrían deberse a variaciones estacionales 
de los contaminantes y no a causas natuirales. 
Los experimentos de laboratorio mostraron que tras 7 días de aclimatación a 
temperaturas que van desde 13,5 hasta 23,5 ºC, no hay diferencias significativas en GST 
(p = 0,116), GPx (p = 0,109) o CAT (p = 0,064), mientras que la temperatura si afecta 
significativamente la actividad AChE (p <0,01). 
En conclusión, cuando se utilizan biomarcadores enzimáticos de mejillón, el 
diseño de muestreo debe tener en cuenta las fuentes naturales de variabilidad. La 
modelización de la respuesta biológica en función de variables naturales explicativas, y 
el establecimiento de criterios de evaluación variables en vez de constantes constituyen 
una alternativa que permitiría el muestreo todo el año. 
 
1.2. Respuesta a contaminantes de relevancia ambiental en exposiciones de 
laboratorio 
Este estudio confirmó que los compuestos investigados órgano-halogenados, 
BDE-47 y PCB-153, tienden a acumularse en los mejillones, con altos factores de 
bioconcentración. FBC BDE-47 = 10.900 Kg L-1 ww, y FBC PCB-153 = 9324 Kg L-1 
ww. Los altos valores del FBC se debieron a las tasas de depuración bajas (Kd = 0,081 
días-1 para el BDE y Kd = 0,083 días-1 para el PCB), lo que sugiere que los mejillones 
M. galloprovincialis tienen una capacidad limitada para la biotransformación de estos 
compuestos. El congénere PCB-153 es típicamente recalcitrantes en la mayoría biota 
debido a su alto log Kow y alta persistencia, y porque es no metabolizable, (Boer et al., 
1993), especialmente en los tejidos invertebrados (Kannan et al., 1995). Dado que el 
comportamiento de BDE-47 y PCB-153 en solución no es estable, la suposición 
inherente del modelo asintótico usado para los cálculos del FBC de concentración de 
agua constante no se cumple. Por lo tanto los valores del FBC calculados usando este 
modelo se subestiman, y los valores reales serían mayores concentraciones de agua 
deben ser realmente constante. Gustafsson et al. (1999) encontrados para el BDE-47 un 
FBC mejillón = 26000 L Kg-1 ww en exposiciones a través de los alimentos. 
El FBC para 4-NP fue 6,850 Kg L-1, pero la tasa de excreción, 0,248 ± 0,263 d-1, fue 
notablemente mayor que la de compuestos órgano-halogenado, y equivalente a un 
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medio de vida para 4-NP en los tejidos blandos de sólo 2,79 días, destacando la alta 
capacidad de depuración del mejillón. De hecho, durante la fase de exposición del 
experimento de cinética que hemos encontrado que la concentración de 4-NP no alcanzó 
el equilibrio, y se observó una fuerte disminución en la concentración tisular después 
del pico en el día 15. Esta alta capacidad de depuración es consistente con nuestros 
hallazgos mostrando estadísticamente inducción significativa de la actividad GST 
después de 15 d de exposición a 4-NP (ver más abajo). Los peces pueden 
biotransformar el 4-NP en metabolitos fácilmente excretables (Arukwe et al., 2000), y 
los presentes resultados apoyan que la bivalvos tienen también la capacidad para 4-NP 
biotransformación a través de una vía que implica la inducción de la enzima GST fase 
II. Acumulación de Pyr no siguió un modelo asintótico. En una concentración de agua 
nominal de 100 g L-1 Pyr, la captación fue muy rápido durante los primeros 9 días de 
exposición, lo que aumenta hasta 157 mg kg-1 de peso húmedo, lo que equivale a una 
tasa de absorción de 17 mg  kg-1  ww d-1, y un mejillón concentración 1.570 veces en 
comparación con el agua. Sin embargo, después de 10 días de exposición una fuerte 
disminución en la concentración de Pyr se lleva a cabo, al parecer debido a un pico en la 
actividad de la HPB entre los días 10 y 20. 
1.1.5. Efectos en los biomarcadores 
La Tabla 1.1.1 resume los patrones generales de respuesta a los contaminantes 
modelo exhibidos por los biomarcadores enzimáticos seleccionados. 
Tabla 1.1.1 Patrones de respuesta de los diferentes biomarcadores enzimáticos a los contaminantes. 
 
 BDE-47 PCB-153 4-NP Pyr 
GST - - + no efecto 
GPx +- inconsistente + x d sólo + inconsistente no efecto 
AChE - no efecto - - (solo a 5 d) 
BPH n.s. n.s. n.s. + (solo a 15 d) 
 
1.1.5.1. GST. La actividad GST se inhibió significativamente en todas las 
concentraciones testadas en los experimentos de dosis:respuesta tanto con el BDE-
47 como con el PCB-153. En general, los resultados disponibles no apoyan un 
papel de la GST en la desintoxicación de compuestos órgano-halogenados de los 
bivalvos. 
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En contraste, 4-NP indujo consistentemente la actividad GST en las branquias 
a partir de la concentración de 50 µg L-1 y del tiempo de exposición de 15 días, 
indicando un metabolismo significante a través de la fase II de biotransfomación. 
1.1.5.2. GPx. La actividad GPx mostró patrones de respuesta inconsistentes. 
Este patrón errático y dependiente del tiempo no soporta el uso de la GPx como un 
biomarcador de contaminación química. 
1.1.5.3. AChE. La actividad de la AChE presenta una inhibición significativa 
por el BDE-47 en todas las concentraciones probadas después de 30 días de 
exposición, y después de 2, 9 y 20 días de exposición en el experimento de cinética. 
Sin embargo, esta inhibición es reversible, y esta enzima recuperó los niveles 
previos a la exposición después del período de depuración de 10 días. Para el 4-NP, 
la inhibición de la AChE tiene lugar a partir de 75 µg L-1 y en los tiempos de 
exposición largos. El Pireno también inhibió la AChE pero sólo a tiempos cortos de 
exposición, mientras que no se encontró ningún efecto del PCB-153 en esta enzima. 
La presente tesis confirma la utilidad de la AChE en mejillón como 
biomarcador no específico de la contaminación química. 
1.1.5.4. BPH. La presente tesis explora el uso de la BPH como un potencial 
biomarcador de fase I en los mejillones. Hemos encontrado un fuerte pico de la 
actividad BPH en los mejillones expuestos a Pireno, pero sería necesaria más 
investigación para proporcionar datos suficientes para sacar conclusiones sólidas 
sobre la utilidad potencial de la BPH en mejillón en programas de vigilancia. 
 
1.3. Uso de biomarcadores enzimáticos en mejillón en los programas de 
monitoring activo y pasivo de la contaminación. 
1.3.1. Monitoring activo 
En el estudio de seguimiento realizado en puertos de Galicia y País Vasco con 
mejillones trasplantados, contaminación de los sedimentos, resumido en el índice de 
contaminación química (CPI), se correlacionó significativamente con la acumulación de 
contaminantes en los mejillones, cuantificada por el índice MBI (p = 0,02). El 
coeficiente de correlación (r = 0,657) indica que los mejillones trasplantados 
proporcionan información acerca de la contaminación en la columna de agua que se 
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relaciona con, pero no redundante con, la química de sedimentos. En el mismo estudio, 
los resultados de los análisis de correlación indican que la actividad GST en los 
mejillones puede ser afectada por la contaminación de orgánicos y metales traza. En 
particular, GST se correlacionó positivamente con la concentración de B [a] P en los 
tejidos de mejillón (r2 = 0,561; p = 0,005). También se encontró una correlación positiva 
significativa entre la actividad GST en branquias y el contenido de Cu en los tejidos de 
mejillón (r2 = 0,481; p = 0,012), de acuerdo con los resultados del análisis de 
redundancia que apuntaron al Cu bioacumulado como una causa de aumento de la 
actividad GST. 
En esta tesis, los niveles elevados de la actividad GPx fueron encontrados en sitios 
altamente contaminados, donde los resultados del análisis de correlación indican que la 
actividad GPx se puede ver afectada por la contaminación orgánica. Análisis de 
redundancia señalaron también al Cu bioacumulado como la causa del aumento de la 
actividad GPx, aunque no se observó una correlación significativa (p = 0,07). En 
general, la actividad de GPx significativamente correlacionado con el índice MBI (r2 
=0,392; p=0,029). En particular, se correlacionó positivamente con la concentración de 
B[a]P en los tejidos de mejillón (r2=0,350; p=0,043). En este trabajo, la actividad AChE 
fue el biomarcador que mejor respondió, mostrando niveles significativamente 
inhibidos en tres sitios en el Puerto de Vigo y en Pa2 en el Puerto de Pasaia. La 
actividad AChE se correlacionó negativamente con el índice CPI (r2 = 0,541; p = 
0,006), la actividad GST (r2 = 0,478; p = 0,013) y el contenido de Cu en los tejidos de 
mejillón (r2 = 0,617; p = 0,002). 
Este estudio establece la relación entre la contaminación química y los 
biomarcadores en los mejillones trasplantados. En particular, Cu, HAPs y PCBs, fueron 
señalados como los principales responsables de las alteraciones observadas en los 
biomarcadores. Hemos identificado un gradiente en el Puerto de Pasaia con un estado 
medioambiental disminuyendo hacia la parte interior del puerto, mientras que en el 
Puerto de Vigo, un área con una peor situación ambiental se localizó en los sitios Vi1 y 
Vi2, cerca de los astilleros. 
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1.3.2. Monitoring pasivo 
En la presente tesis, las actividades de GST, GPx y AChE se han medido en 
mejillones nativos del N-NW de la costa española, junto con los niveles de metales, 
HAPs, PCBs, pesticidas organoclorados y BDE. No se observaron correlaciones 
significativas entre las actividades de los biomarcadores y ninguno de los contaminantes 
medidos, ni entre los biomarcadores y el MPI. Sin embargo, según el PCA realizado con 
las variables químicas y las respuestas biológicas, Σ13HAPs, Hg y Pb fueron débilmente 
asociada a la inducción de la GST. La amplitud del área de muestreo, que cubre 
regiones oceanográficas diferentes, introduce una variabilidad entre estaciones en las 
condiciones ambientales que podrían interferir en los niveles basales de las actividades 
enzimáticas. 
5.4. Conclusiones. 
Estas son las conclusiones asociadas a cada uno de los objetivos planteados: 
Objetivo 1: Establecer procedimientos prácticos para una batería de 
biomarcadores enzimáticos utilizando M. galloprovincialis con el fin de lograr una 
aplicación más factible de esas respuestas biológicas para la vigilancia de zonas 
costeras. 
 
1. Los niveles de las actividades GST y GPx en las branquias de mejillón del sitio 
de referencia no mostró variabilidad estacional significativa. Sin embargo, la actividad 
CAT en la glándula digestiva de los mejillones del sitio de referencia mostraron una 
marcada variabilidad estacional. 
2. GST mostró valores consistentemente más altos en los sitios contaminados en 
comparación con el sitio de referencia, mientras que la GPx y CAT sólo mostraron un 
aumentado significativo de la actividad en los sitios contaminados de vez en cuando. 
3. Los procedimientos prácticos desarrollados en esta tesis para medir los 
biomarcadores en M. galloprovincialis consisten en: 
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- La medida de las actividades de la GST, GPx y AChE en las branquias y de la 
CAT en la glándula digestiva. 
- El tamaño mínimo de muestra recomendado se sitúa entre 12 y 14 individuos, 
lo cual permite detectar diferencias significativas entre estaciones con un 
nivel de confianza α=0.05. 
-  Los mejillones del intermareal bajo son los más adecuados para el 
monitoring. La altura en el intermareal es un factor importante a considerar a 
la hora de determinar la GST y CAT, mientras que no afecta a la GPx ni a la 
AChE. 
4. El uso combinado de una batería de biomarcadores enzimáticos en mejillón 
permite, mediante en el uso de MDS, la clasificación de las estaciones de muestreo en 
categorías de estado ambiental coherentes con los datos de química analítica. 
Objetivo 2: Estudiar la respuesta de los biomarcadores enzimáticos en mejillón a 
contaminantes de relevancia ambiental como objeto de cuantificar la sensibilidad de los 
biomarcadores estudiados en condiciones de laboratorio. 
1. Este estudio confirmó que los compuestos órgano-clorados BDE-47 y PCB-153 
tienden a acumularse en el mejillón debido a su baja capacidad de depuración, lo cual 
sugiere que el mejillón tiene una limitada capacidad de biotransformación para estos 
compuestos. AChE fue el biomarcador más sensible al BDE-47. 
2. El PCB-153 no afecto a la AChE, inhibió la GST a todas las concentraciones 
tras 30 días de exposición, e indujo la GPx a ciertos tiempos de exposición. 
3. La acumulación de 4-NP fue moderada comparada con los otros contaminantes 
debido a la capacidad de eliminación. La biotransformación parece implicar a la GST 
que se induce en el experimento de dosis:respuesta. La GST fue el biomarcador más 
sensible, respondiendo a concentraciones a partir de 50 µg L-1 (correspondiendo a una 
concentración en el mejillón de 282 µg g-1 peso seco. 
4 La bioacumulación de Pyr en mejillón no se ajustó a una cinética de primer 
orden porque por encima de 160 mg Kg-1 peso húmedo la actividad BPH aumentó 
drásticamente y la concentratión de Pyr disminuyó. GST y GPx no se vieron afectadas, 
 
251 
 
Resumen 
 
 
mientras que AChE se inhibió significativamente a corto plazo (5 días) pero este efecto 
desapareció a exposiciones más prolongadas. 
 
Objetivo3: validar el uso potencial de biomarcadores enzimáticos en combinación 
con análisis químicos en mejillón para el monitoring integrado de los ecosistemas 
marinos costeros. 
1. La GST fue el biomarcador que mejor correlaciono con los contaminantes 
químicos analizados, indicando que la actividad GST puede verse afectada por 
contaminación orgánica y de metales traza. 
2. En las estaciones altamente contaminadas (Vi2 y Pa5) se encontraron niveles 
elevados de actividad GPx. 
3. La AChE fue el biomarcador con mayor sensibilidad, y se inhibió 
consistentemente por diferentes tipos de contaminantes. 
4. Así pues, consideramos como herramienta biólogica útil para el monitoring de 
la contamianción costera una batería de biomarcadores en mejillón que incluya la GST, 
la GPx y la AChE. 
5. La BPH en mejillón tiene potencial como biomarcador representativo de la fase 
I de la biotransfomación para ser incluido en dicha batería. 
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